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Abstract
The timing and sequence of Paleogene proximal sediments derived from the rising
Beartooth Range of Montana and Wyoming and shed eastward into the western Bighorn
Basin have been interpreted differently by earlier workers. Improving our knowledge of the
relationships between proximal and distal strata in the western Bighorn Basin will lead to a
better understanding of basin development in the northern Laramide Province. The
objective of this study is to use petrographic, stable isotopic and paleomagnetic datasets
from Beartooth synorogenic deposits in order to address different hypotheses concerning
the timing and sequence of sedimentation off the Beartooth uplift.
The synorogenic strata on the west side of the basin closest to the Beartooth Range, also
called proximal deposits, are variously mapped as upper Paleocene Fort Union Formation
(Lopez, 2001), uppermost Paleocene-lower Eocene Willwood Formation (Love and
Christensen, 1985) and lower Eocene Wasatch Formation (Raines and Johnson, 1995). These
strata form a series of range-front sequences that consist of two or more packages of strata;
contacts between these packages were determined to be unconformable in the field. Seven
areas were studied for this project. All sequences show more deformed strata lower in the
section and closer to the range front and subhorizontal or less deformed strata higher in the
section. Lower strata consist of material eroded off the top of the uplift, and the upper
strata contain more fragments from the underpinnings of the orogen.
Petrographic data from sandstones in the western Bighorn Basin indicate the sediments
were derived from a recycled orogenic provenance. Sandstone modal compositions exhibit
unroofing sequences through progressively higher strata. Lower sediments are dominated
by carbonate lithic fragments and recycled quartz, whereas upper strata contain greater
proportions of first-cycle granitic and meta-volcanic grains. Petrographic comparisons
among synorogenic units in the western Bighorn Basin show that the proximal sediments
are mineralogically similar to distal sands in late Paleocene and early Eocene deposits.
Lower strata along the eastern front are compositionally similar to sediments in the upper
iv

Fort Union Formation, whereas upper synorogenic strata along the northern front have
sand compositions more akin to sediments in the Willwood or Wasatch formations.
Stable oxygen and carbon isotope data were analyzed from calcium-carbonate cements,
bulk rock, and carbonate-clast subsamples from intervals within the North Clarks Fork
section. Carbonate clasts have the highest δ18O values, -5.79‰ to 10.43‰, whereas
cements have the lowest δ18O values, from -11.76‰ to -1.18‰ (V-PDB); δ13C subsample
values show similar characteristics. Overlap between the isotopic compositions of cement
and carbonate clast suggests that most of the cement isotope compositions were inherited
from carbonate fragments. Isotopic enrichment of cements occurred from the dissolution
of carbonate source rocks followed by calcium carbonate precipitation during early
diagenesis and from the reprecipitation of carbonate phases during late diagenesis. The
most negative values are interpreted to be derived from high elevation, isotopicallydepleted, meteoric waters that mixed with carbonate-rich waters during fluvial transport
and early diagenesis. Assuming early cements formed in equilibrium with shallow
groundwater and an isotopic lapse rate of 2.9‰/km (Dutton et al., 2005), the precipitation
was sourced in adjacent highlands a minimum of 1.6 ± 0.6 km above the early Eocene
Bighorn Basin. This estimate of relief is consistent with other isotope-based relief estimates
for the early Eocene from neighboring basins in the northern Laramide Province (Fan et al.,
2011).
Forty-six paleomagnetic sites were sampled from the North Clarks Fork section to
determine polarity; ten alpha sites have mean directions in stratigraphic coordinates (tilt
corrected) that are consistent with the expected early Eocene direction. The grand-alpha
site mean direction (D/I) is 162.5/-75 (α95=10.1) and within error of the expected antipodal
direction for the early Eocene Bighorn Basin (169/-63; α95=2.6), based on the reference pole
of Diehl et al. (1983). Well-defined components in alpha sites are interpreted to be
depositional remanent magnetizations that locked in a reverse polarity field during
deposition. Reverse polarity alpha sites are matched to Clarkforkian-age fossils (56.8-55.4
v

Ma; Gingerich et al., 1980) and the Chron 24 reverse (C24r) magnetozone of the
geomagnetic polarity time scale (Cande and Kent, 1995).
Coupled Clarkforkian and C24r age constraints suggest that strata in the North Clarks Fork
section are correlative to late Paleocene members of the Fort Union Formation. Upper
synorogenic units younger than North Clarks Fork strata are likely early Eocene deposits and
closer in age to the Willwood or Wasatch formations. This interpretation is consistent with
changes in sandstone compositions observed in upper synorogenic sediments from this
study. The findings presented here are consistent with tectonic models that call for onset of
the Laramide orogeny in the northern U.S. Cordillera during the late Paleocene (Bird, 1998;
Liu et al., 2010).
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CHAPTER 1: INTRODUCTION
1.1 Statement of Problem
This study takes a multidisciplinary approach to improve understanding of the
stratigraphic relationships between synorogenic sedimentary rocks on the northeastern
perimeter of the Beartooth Range and the Fort Union and Willwood formations of the
northern Bighorn Basin. These deposits, synorogenic to the Laramide orogeny, have a
variety of stratigraphic names and interpretations of their origin (DeCelles et al., 1991a;
Lillegraven, 2009). Consequently, it is unclear within the literature how synorogenic
sediments shed during the Beartooth uplift are related to the distal middle-late Paleocene
Fort Union and latest Paleocene-early Eocene Willwood strata that blanket the Bighorn
Basin.
Distal strata of the Bighorn Basin have yielded sedimentologic, stable isotopic, and
magnetostratigraphic data that collectively provide the most detailed record of terrestrial
evolution across the Paleocene-Eocene boundary found anywhere in the world (Clyde et al.,
2007; Koch et al., 2003; Secord, 2008; Wing et al., 1991). This record has improved
resolution of the geochronology through the Paleocene and Eocene epochs, and made
apparent that the Fort Union and Willwood formations are important archives of the
geologic history of the North American continent (Aziz et al., 2008). However, proximal
conglomerates, sandstones and siltstones exposed on the western margin of the Bighorn
Basin have a poorly resolved relationship to these distal strata. Beartooth synorogenic
strata preserve a link between tectonism and the growth of a depositional basin that
captured an important period during the early Cenozoic.

This study aims to tie the deposition of Beartooth synorogenic units to that of distal
strata of the Bighorn Basin with petrographic, stable isotope and magnetostratigraphic
datasets. Petrographic data are used to determine whether unconformable strata were
deposited during unroofing episodes (Dutcher et al., 1986) or are fault-bounded deposits
(Lillegraven, 2009; Pierce, 1965). Comparisons of the petrology of synorogenic rocks and
published data for distal strata (Neasham and Vondra, 1972; Whipkey et al., 1991) bolster
lithostratigraphic relationships between the units. Stable isotopic data from the
synorogenic stratotype section are examined for records of a major climatic event that
occurred at the Paleocene-Eocene boundary (Bowen et al., 2001; Koch et al., 1995) and to
determine the extent of isotopic mixing between carbonate source rocks and waters
precipitated at different elevations (Dettman and Lohmann, 2000). Isotope data are also
evaluated to determine if calcite cementation occurred during deposition (Quade and Roe,
1999) or burial (Dickinson, W.W., 1988). Magnetic polarity zones are identified within the
synorogenic type section and correlated to the geomagnetic polarity time scale bracketing
the Paleocene-Eocene boundary. Paleomagnetic data from this study help to correlate
proximal sediments with distal strata in the Bighorn Basin (Clyde et al., 2007).
Previous workers in the western Bighorn Basin have given various interpretations for the
timing of proximal sedimentation and the stratigraphic discontinuities found in different
range-front exposures (DeCelles et al., 1991a; Lillegraven, 2009). The datasets mentioned
above are used to evaluate different hypotheses concerning the ages and origin of
Beartooth range-front strata, and to provide more data that will improve understanding of
deposition into the western Bighorn Basin during the Paleogene.
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Current tectonic models for Laramide orogenic events are complex and not well
constrained (e.g., Bird, 1998; Humphreys, 1995; Liu et al., 2010); nonetheless, the
relationship between Laramide orogenic belts and the growth of terrestrial basins has been
recognized in many settings (DeCelles, 2004; Dickinson, W.R., et al., 1988). Establishing a
stronger connection between surface uplift and basin deposition in the northern Laramide
Province could help support tectonic models that call for north to south removal of the
Farallon slab (Humphreys, 1995; Liu et al., 2010), delamination of the mantle lithosphere
(Jones, 1987), or lithospheric buckling in response to the horizontal endload of the Sevier
orogenic belt (Tikoff and Maxson, 2001). Quantitative data presented here add to the
growing body of evidence related to early Laramide tectonics and basin deposition, and are
important when evaluating these competing hypotheses.

1.2 Geologic Background
1.2.1 Laramide orogeny/Beartooth tectonics
The Laramide orogeny produced mountain building and basin development that began
during early Maastrichian time (~70 Ma) and continued until near the end of the Eocene
(~38 Ma)(DeCelles, 2004). The gradual uplift of discrete ranges during the Laramide orogeny
partitioned the foreland basin east of the Cretaceous Sevier overthrust belt into terrestrial,
internally drained depositional basins, bounded by Paleozoic and Precambrian-cored
mountain belts (Figure 1-1) (DeCelles, 2004). The central Rocky Mountain foreland holds
more than a dozen Laramide basins that developed during the Paleogene (Davis et al., 2009;
Dickinson, W.R., et al., 1988). Strata within Laramide basins preserve detailed records of the
3

coevolution of terrestrial mammals and plants, along with episodes of dramatic global
climatic perturbations during the Paleogene (Aziz et al., 2008; Koch et al., 1995; Wing et al.,
1991).
The onset of the Laramide orogeny and the growth of sediment-shedding highlands had
an important influence on Paleogene sedimentation and origin of adjacent basins.
Paleocene and Eocene strata are lithologically distinct in Laramide basins (Carroll et al.,
2006). Paleocene basin fills consist of mudstones and poorly cemented sandstones from
erosion of Paleozoic and Mesozoic sources, whereas Eocene strata contain fluvio-lacustrine
strata rich in detritus from resistant Precambrian bedrock (Kraus and Wells, 1999; Pietras et
al., 2003). This pattern was due to the progressive erosion of Phanerozoic sequences that
covered Laramide uplifts and eventually their Precambrian crystalline cores (Carroll et al.,
2006).
The Beartooth Range is a block uplift in the northern Laramide Province that is the
modern northwestern boundary of the Bighorn Basin in Montana and Wyoming (Figure 11). The range has an area of approximately 5,000 square kilometers and elevations
exceeding 3,900 meters, which mostly exposes Archean meta-igneous and
metasedimentary rocks (Casella, 1964). Foose et al. (1961) postulated that the net
displacement direction of the entire Beartooth block is toward the northeast because the
maximum known displacement and minimum amount of dip on the range-bounding thrust
fault system have been found along the northeast corner of the uplift.
The northeast corner of the Beartooth block is structurally complex with fault
geometries that are different from the structures found on the north and east fronts (Figure
4

1-2). Most structural offset occurs along the Beartooth fault, which wraps around the
immediate northeast front, forming the general geometry of the modern range-basin
transition (Figure 1-2) (Foose et al., 1961). Northeastward motion of the hanging wall along
the range front fault possibly amounted to 4-7 kilometers towards the modern Bighorn
basin, as inferred from overridden Paleocene sediments and well-log data that bisected
thrust ramps (Nielsen, 2009; Wise, 2000). All synorogenic strata lie outboard of the
Beartooth fault, and on the eastern front the trace of the Line Creek thrust fault bisects
numerous exposures of the synorogenic units (Figure 1-2) (DeCelles et al., 1991a;
Lillegraven, 2009). Both faults are known to have generally west-dipping planes along the
eastern front and inferred origins from late-Laramide events (Foose et al., 1961; Nielsen,
2009).
The structures on the northeast corner of Beartooth block have allowed separation of
early and late periods of deformation, which is consistent with other Laramide orogens
(Bergh and Snoke, 1992; Wise, 2000). The earlier period of deformation involved
detachment of a large Precambrian basement slab with regional north-south shortening
that produced steep thrust ramps and duplex development at the base of the slab, causing
broad uplift of the future Beartooth Range (Wise, 2000). In the later stage, duplexes evolved
at the base of the ramp and lowered the dip of the thrust plane, and the Beartooth block
was likely blockaded to the west by the dense layered gabbro of the Precambrian Stillwater
Complex (Foose et al., 1961). This structural damming induced horizontal fault propagation
that caused rotation and displacement of the block towards to the northeast (Casella, 1964;
Nielsen, 2009; Wise, 2000).
5

Apatite fission-track data from crystalline rocks in the Beartooth block indicate that 7 to
12 km of rock uplift occurred on the northeast corner of the block in two stages after early
Paleocene time (Omar et al., 1994). The first phase of apatite cooling records 4 to 8 km of
uplift from 61 Ma (early Paleocene) to 52 Ma (early Eocene); the second phase was
approximately 4 km of rock uplift that began in the middle Miocene and continues to
present day. Apatite-cooling ages suggest that these stages were separated by a period of
tectonic quiescence during the Oligocene (Omar et al., 1994).

1.2.2 Bighorn Basin stratigraphy
Uplift and exhumation of Precambrian basement blocks during the Paleogene produced
3-4 kilometers of relief between the Bighorn Basin and the adjacent Beartooth and Bighorn
mountain ranges, allowing for transport of sediment into the basin off each range front
(Kraus and Gwinn, 1997; Miller et al., 1992). Paleodrainage patterns in the Bighorn Basin
were generally dominated by ponded basin depositional styles, with open drainage systems
to the north and south that varied in space and time (Davis et al., 2009; Dickinson, W.R., et
al., 1988). Paleogene sedimentary deposits in the Bighorn Basin include the middle-late
Paleocene Fort Union Formation and the latest Paleocene-early Eocene Willwood
Formation (Love and Christensen, 1985).
The Paleocene Fort Union Formation was deposited during early Bighorn Basin
development; it is approximately 2500 meters thick in the vicinity of Red Lodge, Montana,
and has been subdivided into four members (Brown, 1993) . The upper members of the Fort
Union Formation in the Bighorn Basin are predominantly composed of fluvial sandstones,
6

mudstones, lignites, and freshwater carbonate lenses (Hickey, 1980). The geometry and
morphology of Fort Union strata suggest deposition in floodplains that were broad, shallow,
and of low sinuosity (Kraus and Wells, 1999). Fort Union strata near this project’s field area
have been dated with biostratigraphic and magnetostratigraphic data to be middle and
upper Paleocene (Secord et al., 2006).
The Willwood Formation is unique to the greater Bighorn Basin and adjacent lowlands in
northwestern Wyoming. It consists of marginal alluvial-fan conglomerates that grade into
stream channel and finer floodplain deposits in the distal basin; detrital material that was
eroded from surrounding ranges during the late stages of Laramide tectonism (Neasham
and Vondra, 1972). Deposits of the Willwood Formation have captured an important period
of terrestrial evolution for central Rocky Mountain settings during the early Cenozoic. The
fine-grained sediments preserve detailed records of Paleocene to early Eocene faunal
evolution (Gingerich, 1983; Wing et al., 1991), the Paleocene-Eocene Thermal Maximum
inferred from regional stable isotope data (Koch et al., 2003), astronomically linked climatedriven sedimentation patterns (Aziz et al., 2008), which have all been correlated with
Bighorn Basin–wide magnetostratigraphic datasets (Clyde et al., 2007).
A composite biostratigraphic zonation and biochronology of the late Paleocene and
early Eocene in North American is based on mammalian faunal succession almost entirely
from the fossils found in the Bighorn Basin and Clark’s Fork sub-basin of Montana and
Wyoming. Fort Union and Willwood strata of the Bighorn Basin preserve fossil markers that
have laid the groundwork for the Paleocene-Eocene boundary and the biochronologic
sequences assigned by the North American Land Mammal Ages (NALMA). The Clarkforkian
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(56.8-55.4 Ma) NAMLA is derived from late Paleocene strata with type localities found in
the northern Bighorn Basin (Gingerich et al., 1980; Wing et al., 1991).

1.2.3 Synorogenic Stratigraphy
Beartooth synorogenic strata have a variety of stratigraphic names in different
publications and on different regional or state-wide geologic maps (Figure 1-3). A
conundrum is what to call these synorogenic deposits, or more importantly, how these
various units are related to distal strata in the Bighorn Basin. This problem likely stems from
a long history of geologic pursuit around the Beartooth Range in areas that are particularly
complex, and therefore not all geologic problems have been fully resolved.
Paleogene conglomeratic strata found proximal to the eastern Beartooth front in
Wyoming were first named part of the Willwood Formation by Van Houten (1944), given
their unique geographic location and the presence of red-banded strata that are
characteristic of other Willwood exposures in NW Wyoming. These coarse-grained units
have been traced along strike to the north and south into lithologically different exposures
of finer-grained, red-and-white paleosol facies characteristic of parts of the Willwood
Formation. Flueckinger (1970) investigated the synorogenic strata exposed along the
eastern Beartooth front in MT and WY (Figure 1-4b), deposits that have since been mapped
as the Linley Conglomerate Member of the Fort Union in Montana (Lopez, 2001) but are
mapped as a conglomeratic facies of the Willwood Formation in Wyoming (Love and
Christiansen, 1985).
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Calvert and Stone (1916) first described and mapped the conglomeratic strata along the
northern front of the Beartooth Range as the Linley Conglomerate and assigned a postEocene age based on its superposition on tilted Fort Union sediments. Jobling (1974)
examined the same belt of Paleogene deposits that crop out along the northern front
between Roscoe and Red Lodge MT (Figure 1-4a). Jobling (1974) made the only efforts to
discriminate the unconformable strata exposed on the northern range front; he designated
the ‘proximal facies of the Fort Union’ to be the more deformed coarse-grained facies that
is intercalated with the Paleocene Tongue River Member of the Fort Union Formation. In
contrast, a prominent, less deformed exposure with a basal unconformity was informally
designated as the Linley Conglomerate member of the Fort Union (Jobling, 1974). These
upper units on the northern front have also been mapped as Eocene Wasatch Formation
(Raines and Johnson, 1995) and upper Fort Union Formation (Lopez, 2001).
Jobling and Flueckinger collaborated on a paper with their original data and published it
in a Yellowstone-Bighorn Research Association Field Guide (Dutcher et al., 1986). The major
conclusion of this research was that sediment accumulated as inverted erosional sequences
of material derived from the Beartooth uplift. Deposition was incipient to early tectonism
and continued after uplift, as interpreted from conformable and unconformable
relationships to basin-ward strata. The sparse paleontological evidence retrieved was most
similar to late-Paleocene assemblages characteristic of the Clarkforkian period (Dutcher et
al., 1986; Hickey et al., 1986).
More recent studies have revisited the well-exposed conglomeratic strata that crop out
along the eastern Beartooth front, and two resulting publications provide the alluvial-fan
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architecture and a provenance model to characterize the synorogenic units (DeCelles et al.,
1991a, 1991b). DeCelles et al. (1991a, 1991b) considered the deposits equivalent to the Fort
Union Formation from the Bighorn and Crazy Mountain basins, but adopted an informal
nomenclature of ‘Beartooth Conglomerate’ (Figure 1-3). I believe this distinction was made
to circumvent any potential confusion between these deposits and distal Fort Union
deposits, although it would seem those efforts were unsuccessful. DeCelles et al. (1991a)
also reaffirmed what was originally recognized by Flueckinger (1970) as an intraformational
unconformity marked by a decrease in dip in the stratigraphically higher sequences of the
type section (Figure 1-5). DeCelles et al. (1991b) suggested that this unconformity was
produced by incision and lateral migration of fan channels after the upper fan was tilted
basin-ward during fault-propagation folding along the Beartooth fault. The type section is
the conglomeratic sequence north of the Clark’s Fork of the Yellowstone River, Wyoming,
which is suggested to be the most representative of synorogenic deposits along the eastern
Beartooth front (DeCelles et al., 1991a; Flueckinger, 1970).
Most recently, the Linley Conglomerate and Tongue River members of the Fort Union
were examined for deformation structures thought to be products of tectonic activity
during and after the Beartooth uplift (Bartholomew et al., 2008; Stewart et al., 2008).
Bartholomew et al. (2008) and Stewart et al. (2008) identified paleoseismites in several
localities of the Linley Conglomerate near Red Lodge, MT, as well in some exposures of
what they refer to as Linley strata in Wyoming (which is Willwood to others). Moreover, it
has been suggested that a significant amount of faulting and other deformation occurred
subsequent to deposition of the Willwood Formation, and therefore after Laramide events
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subsided (Lillegraven, 2009). Numerous west-vergent, out-of-basin, thrust faults have been
mapped along the western margin of the Bighorn Basin, putting Cretaceous and Paleogene
strata into fault-bounded relationships (Lillegraven, 2009). Lillegraven (2009) offered
another hypothesis for mid-section changes in dip, considered an angular unconformity in
the type section (DeCelles et al., 1991a) (Figure 1-5); the contact is from post-Willwood,
west-vergent, thrust faulting that has displaced many other neighboring exposures of
Willwood strata (Lillegraven, 2009).

1.3 Presentation of study
This study integrates different types of data from samples that were collected from
exposures of synorogenic strata along the Beartooth Range front, in Montana and Wyoming
(Figure 1-6). Stratigraphic information is provided for each exposure in which samples were
collected for petrographic analyses; locations are grouped in geographic areas along the
range front (Figure 1-6). Stratigraphic and petrographic data are presented first to provide a
framework and regional context for the variety of depositional sequences found along the
range front. Detailed stable isotope and paleomagnetic stratigraphic analyses were
performed on the North Clarks Fork Fan type section in northern Wyoming (Figures 1-5, 16). Interpreting the stratigraphic stable isotope information requires some prior explanation
of the detrital constituents and intergranular material that are common within synorogenic
sediments; for this reason isotopic data are presented after the sedimentary petrology
chapter. The paleomagnetic information presented herein is not altogether independent of
the other datasets, but analyses and interpretation rely on magnetic properties of rock
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samples not discussed elsewhere. Consequently, the magnetic polarity stratigraphy
(Chapter 5) is presented last.
Each chapter has a brief introduction to and summary of the problems addressed with
each method, as well as detailed results and discussions of the interpretations consistent
with each dataset. The last chapter presents the main findings from all methods and data to
improve current understanding of proximal sedimentation off the Beartooth Range.
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Figure 1-2: Structural maps and schematic diagrams of the major structural features along
the northeastern Beartooth Range front, after; a.) Wise, (2000); b.) and c.) DeCelles et al.,
(1991a). Beartooth Fault (BTF) and Line Creek Fault (LCF) are major thrust faults that wrap
around the immediate range front and trace through exposures of synorogenic strata,
respectively. Structures along the very northeast corner of the range near Red Lodge (RL)
Montana, are different from those observed on adjacent fronts. Dashed lines show location
of inset map.
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Figure 1-5: Photograph of the North Clarks Fork Fan (NCF), considered to be the type
section of Beartooth synorogenic deposits. Approximately 622 meters thick; dark lines show
unconformities marked by changes in dip. View to the north.
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CHAPTER 2: STRATIGRAPHY OF SYNOROGENIC DEPOSITS
2.1 Overview
Brief descriptions of all major exposures of synorogenic strata are discussed below.
There are many similar stratigraphic features between the deposits of different range-front
locations, but there is also evidence of structures and facies being unique to single
locations. The sequences described refer to packages of strata bounded by unconformities;
packages of strata are referred to as ‘fans’ below. Each ‘fan’ refers to a geographic area
where synorogenic strata are exposed and separated from the other ‘fans’ by modern
stream drainages. The depositional environments include alluvial fans and braided rivers,
and the modern areas were not necessarily separate systems at the time of deposition. All
areas of proximal strata visited in this study are described from south to north below;
samples were collected at each area for petrographic analyses (Table 2-1) and locations are
shown in Figures 2-1 and 2-2. Table 2-1 lists UTM coordinates, bedding attitudes and the
relative stratigraphic position for each petrographic sample. Only one section, the North
Clarks Fork Fan (NCF), was measured in the field to create a stratigraphic log.

2.2 South Clarks Fork Fan
The South Clarks Fork Fan (SCF) is lithologically similar and almost entirely equivalent to
the type section just to the north, the NCF (Figure 2-1) (Dutcher et al., 1986). The total
measured stratigraphic thickness of the SCF is 548 meters (Flueckinger, 1970). The basal
units are overturned and juxtaposed against a variety of Cretaceous units; sample SCF-1 was
collected from sandy beds in this lower section. Up section thick-tabular beds of unsorted
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carbonate conglomerates alternate with coarse-calcareous sands retaining steep eastward
dips; one sample (SCF-4) was collected from a sandstone bed for petrographic analysis.
An intraformational unconformity underlies the upper 137 meters of strata in the SCF
(Flueckinger, 1970) which have shallower dips. Those strata are much finer-grained and
contain a few facies that are not seen to the north in NCF and Bennett Creek Fan (BCF)
areas. Two laterally extensive beds of coal with abundant selenite crystallization are
intercalated with calcareous gray mudstones and indurated sandstones (Figure 2-3b);
sample SCF-3 came from one of these sandstone beds (Figure 2-1). These strata are
lithologically similar the Tongue River deposits in the Fort Union Formation. A thrust klippe
has been mapped around the uppermost strata (Pierce, 1965)(Figure 2-3a); a sandstone bed
from the ‘klippe’ was sampled (SCF-2) for petrographic analysis. This structural feature is
hypothesized to be related to late Laramide deformation associated with the Heart
Mountain Detachment fault system, to the south in Wyoming (Lillegraven, 2009).

2.3 North Clarks Fork Fan
Previous studies consider the North Clarks Fork Fan (NCF), in Wyoming (Figures 2-1, 24a), to be the type section of eastern front Beartooth synorogenic strata (Flueckinger, 1970;
DeCelles et al., 1991a). These studies subdivided the NCF section into different facies by
superposition and lithologic changes (Flueckinger, 1970), or by the architecture of bounding
bed surfaces and ordered hierarchy of lithosomes (DeCelles et al., 1991b). The strata in the
NCF section were used for the paleomagnetic and stable isotope analyses of this study with
beds and sample locations referred to by the stratigraphic interval at which they were
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collected (Appendices A, B). For more detailed descriptions of stratigraphy in the NCF, see
Flueckinger (1970) and DeCelles et al. (1991b).
A section of generally fine-grained beds is exposed on the northwestern side of the NCF
(Figure 2-4b). These beds are stratigraphically below the measured section and could not be
traced to exposed intervals of the NCF described below; projecting along the strike of these
beds over a covered interval puts them below the basal measured section. The coarsest
facies in these strata are granule-sandstones with abundant planar cross-bedding. Of
particular interest to this study are the very well-defined variegated hues of the muddy
siltstone and sand beds; distinctive red and white stratification only occurs in this part of
the section. The beds are steeply-east dipping to vertical, and in some exposures can be
mapped directly adjacent to overturned Cretaceous units that become more deformed
towards the mountain front. Such variegated deposits are more characteristic of strata in
the Willwood Formation, and their presence is likely the reason these and adjacent
exposures were mapped as part of the Willwood Formation (Pierce, 1965; Love and
Christensen, 1985). The contact between these lowest NCF strata and the overturned
Creatceous units has been described as depositional (DeCelles et al., 1991b) or possibly as a
fault (Lillegraven, 2009). This study did not collect samples in this section for paleomagnetic
or isotopic data; however, one sample (NCF-5) was collected for petrographic analyses.
The southern exposure of the NCF was measured using a combination of Jacob
staff/Brunton compass techniques and GPS station measurements. The total measured
stratigraphic thickness is 622.5 meters (Figure 2-5); this thickness is slightly smaller than
that reported by Flueckinger (1970) for the same interval (625 meters). The order of
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lithologies and the positions of samples collected for petrographic analyses in the measured
section are shown in the stratigraphic log (Figure 2-5).
The lowest exposed strata are matrix-supported carbonate cobble conglomerates, with
interbedded tabular yellow-gray sandstone beds. Up section, the covered interval (Figure 25) is considered to be a continuation of the lower units (Flueckinger, 1970), the location of
an intraformational unconformity to the upper units (DeCelles et al., 1991a), or a faulted
contact (Lillegraven, 2009).
Upwards in the section from 88 to 291 meters, the strata form prominent cliffs
consisting of carbonate pebble to cobble conglomerates with several light-gray, finegrained, calcareous sandstone and siltstone lenses and tabular beds. Most of the
conglomerates in this section are matrix-supported and contain sub-rounded clasts of
Paleozoic carbonates. Upper sandstone beds are medium- to fine-grained with yelloworange weathering and calcite cement. There are a few conglomerate lenses with clastsupported textures. Imbricated pebbles and graded bedding suggest fluvial deposition,
possibly from channel bed migration. The 292 to 421 meter interval forms prominent cliffs
of resistant strata that are lenticular and laterally discontinuous, mainly observed as clastsupported conglomerate channels that inter-finger with tabular sandstone beds.
Above the covered interval, between 435 and 497 meters, a topographic low consists of
interbedded dark and light sandstone beds, with some cobble-conglomerate lenses in the
lower beds (Figure 2-5). The sandstones weather pale-grey where they have calcite cement,
or reddish-brown where they have iron-oxide cement. At the start of this interval (435m)
there is a measurable change in dip (Figure 2-4a), which is considered to be either an
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intraformational unconformity (DeCelles et al., 1991a; Flueckinger, 1970) or a west-vergent
thrust plane (Lillegraven, 2009). Although there are some minor discrepancies between
bedding attitudes in this interval, no major deformation of beds was observed in the field.
Up section (497-578 m) cliff-forming strata composed of sandy cobble conglomerates
and thinner beds of fine-grained sandstones and siltstones. Most conglomerate beds here
have clast-supported textures. These silty-sandstone beds are calcareous, weather orangebrown, and contain small zones of mixed organic detritus (Figure 2-5). The uppermost strata
of the NCF section are clast-suppported conglomerates that channel into finer-grained beds
of silty-sandstones and organic-rich mudstones.

2.4 Bennett Creek Fan
The prominent foothills just west of Clark, Wyoming, and between the Little Rock Creek
and Bennett Creek drainages are herein referred to as the Bennett Creek Fan (BCF) (Figure
2-1). The BCF consists of intercalated beds of coarse-grained facies exposed in a variety of
attitudes. Sequences within the BCF account for approximately 390 meters of synorogenic
strata (Flueckinger, 1970); four samples were collected at different intervals for
petrographic analyses (Table 2-1; Figure 2-1).
The basal section has poorly exposed vertical beds of graded-carbonate conglomerate,
light-gray calcareous sandstones and thick reddish-brown soil horizons (Figure 2-6a). Upper
BCF strata are very well exposed; thickly-bedded red and gray sandstone forms prominent
cliffs with a few laterally continuous beds of pebble conglomerate with carbonate and
granitoid clasts. Sedimentary structures include graded bedding, cross-laminations,
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calcareous concretions, bituminous-shale laminae, and plant fossils; the depositional
environment was possibly braided sediment-rich floodplains with well drained soils and
organic matter. Megaflora and pollen fossils characteristic of the Clarkforkian age (56.8-55.4
Ma) have been found in this interval of the BCF (Flueckinger, 1970; Hickey, 1980).
Conglomerates in the lower BCF section have been correlated with the upper fluvial
conglomerates in the NCF, but the upper BCF units are considered younger than the NCF
strata (Dutcher et al., 1986).
Upper BCF strata have several intraformational folds and thrust faults (DeCelles et al.,
1991a) that strongly support some amount of E-W shortening after deposition of the lower
beds. In the upper BCF section numerous outcrop-scale faults strike north-south along with
north-plunging folds (Figure 2-6b) (DeCelles et al., 1991a). Pierce (1965) mapped several
isolated areas in the BCF as thrust klippen; these features have since been interpreted as
faulted landslide deposits (Stewart et al., 2008) or as more complex products of late-Eocene
Bighorn Basin west-vergent deformation (Lillegraven, 2009). BCF strata are bounded to the
west by overturned Cretaceous units.

2.5 Line Creek Fan
The Line Creek Fan (LCF) includes all the range-front strata from just north of the
Montana-Wyoming state line south to Line Creek (WY), and south of Line Creek to Bennett
Creek (Figure 2-1). The total measured stratigraphic thickness of sediments in the LCF is
approximately 1060 meters (Flueckinger, 1970). The greater portion of the LCF is mapped as
Willwood Formation (Love and Christensen, 1985), while the small sliver of strata exposed
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in Montana is mapped as an upper member of the Fort Union Formation (Lopez, 2001). The
entire LCF section is considered Fort Union equivalent in several studies (DeCelles et al.,
1991a; Nielsen, 2009; Stewart et al., 2008; Hickey, 1980). Stratigraphic units within LCF
strata have been correlated with every exposure of synorogenic strata to south of this
region (Dutcher et al., 1986). The lower contact, west of LCF sediments, juxtaposes vertical
to overturned beds of various Cretaceous units, and the eastern contact is with horizontal
strata of the Paleocene Tongue River Member of the Fort Union.
Basal beds in the LCF are poorly-exposed conglomeratic mudstones with distinctive red
and white variegated horizons (Figure 2-7). Bedding dips decrease from 80 to 15 degrees
from the west to east, across one mid-section unconformity (Flueckinger, 1970). The clasts
in conglomerates range from small boulders to pebbles and are mostly granitoid or andesite
porphyry, with lesser carbonate. These basal units are considered lithostratigraphic
equivalents of the basal beds in the NCF section, but apparently were shed from different
source rocks during deposition (Dutcher et al., 1986). Two samples used for petrographic
analyses, LCF-1 and LCF-6, were collected from lower strata (Figure 2-1)
Upper units in the LCF are generally finer-grained, less variegated, and display lenticular
gravel bodies, ripple cross-laminations, and trough cross-bedding. Petrographic samples
LCF-4 and LCF-5 were collected from these beds (Figure 2-1). The uppermost beds of the
LCF are within the topographic feature known as Sugarloaf Butte, which is mapped as
Willwood and is included in previous studies of local synorogenic strata. However, the strata
here are almost entirely fine- to medium-grained tan sandstones with bituminous
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mudstones and shale. Vertebrate fossils characteristic of the Clarkforkian period have been
found in upper LCF strata (Gingerich et al., 1980).

2.6 Gold Creek Fan
The Gold Creek Fan (GCF) is informally referred to as the southernmost area of
synorogenic strata in Montana (Figure 2-2). Exposures of the GCF lie between a few small
drainages, Gold and Ruby Creeks, where recent erosion has provided some decent exposure
(Figure 2-8). The total stratigraphic thickness of the uppermost strata east of the mountain
front is approximately 354 meters (Flueckinger, 1970); two samples were collected from
these strata for petrographic analyses (GCF 2,3; Figure 2-2). Paleofloral specimens collected
from these sediments are thought to be Clarkforkian in age (Hickey, 1980). The deposits rest
on various Paleogene units and have clast compositions dominated by igneous and
metamorphic rock types. Various datasets suggest that upper-subhorizontal strata in the
GCF are the youngest products of synorogenic deposition along the eastern Beartooth front
(Dutcher et al., 1986; DeCelles et al., 1991a).
Lower units in the GCF include intervals of the Tongue River Member of the Fort Union
Formation with beds that dip west-southwest; one sample (GCF-1) was collected here for
petrographic analysis (Figure 2-2). These sediments were deposited during early Laramide
deformation, and were subsequently overridden by the NE-directed Beartooth thrust
hanging wall (Nielsen, 2009).
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2.7 Red Lodge Fan
Synorogenic units within the Red Lodge Fan (RLF) include all exposures that are found
immediately adjacent to the northeastern Beartooth Range front in Montana (Figure 2-2).
Coarse-grained units in this region have previously been described in little detail (e.g.,
Jobling, 1974; Wise, 2000; Stewart et al., 2008), and the general stratigraphic relationships
between exposed units remain unclear. Exposures and outcrops around Red Lodge, MT, are
rare.
Discontinuous beds of dark-red subangular conglomerate with near-vertical dips lie just
west of the range front (Figure 2-9); one sample (RLF-1) was collected from a sandy bed for
petrographic analysis (Figure 2-2). These beds have clasts that are chiefly carbonate, and
are of rapid debris-flow or paleoseismite deposits (Stewart et al., 2008). These strata may
have a similar origin of deposition as the proximal facies of Fort Union in the Sheep
Mountain Fan (Jobling, 1974), during the early stages of Beartooth tectonics.
The youngest coarse-grained strata in the RLF are the least deformed, and are the most
poorly exposed. Two road-cuts expose similar facies of brown-gray pebble sandstones that
are very friable, with the exception of one tabular bed that yielded an adequate hand
sample (RLF-3; Figure 2-2). Pebble lithologies include angular quartz and potassium feldspar
grains from the disaggregation of granitic-gneisses; no sedimentary clasts were observed.
This suggests that the Precambrian core of the Beartooth Range had been exhumed and
incised when these units were deposited.
The total thickness of synorogenic strata along the northeast front is unknown.
However, sediments from bore-hole logs provided by a Red Lodge hydrologist, Joel Adams,
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can help constrain minimum thicknesses for upper synorogenic sediments. Two core logs
were extracted from the foothills immediately west of Grizzly Peak (Figure 2-10); sediments
from logs A and B were provided as loose sediment samples in 5-10 foot intervals. The
maximum grain sizes are granule and range to fine silt and clay; sediment from interval 100105 meters in Log A was made into a thin section for petrographic analysis (RLF-2). The
minimum thickness of upper subhorizontal strata can be inferred from Log A and Log B to
be 155 and 125 meters, respectively. Sediments in the lowest intervals of both logs contain
rock and mineral fragments from igneous and metamorphic sources. Another characteristic
is that the coarser-grained sediments are typically light-brown to gray, whereas the finer
sediments generally have a reddish hue.

2.8 Sheep Mountain Fan
Sheep Mountain is located at the northwestern margin of this project’s study area, in
Montana (Figure 2-2); all of the early Tertiary synorogenic units exposed in the immediate
vicinity are herein referred to as part of the Sheep Mountain Fan (SMF). Poor exposure and
private lands permitted data collection only at the well-exposed outcrops (Figure 2-2).
Jobling (1974) has done the most extensive mapping of the coarse-grained units in this
region. In his study, SMF units were subdivided into members of the late-Paleocene Fort
Union Formation - the proximal facies and Linley Conglomerate based on lithology and
bedding attitude. However, the 2011 USGS geologic GIS database (Raines and Johnson,
1995) shows the units as Eocene Wasatch Formation.
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The Linley Conglomerate at Sheep Mountain has 120 meters of moderate to good
exposure (Jobling, 1974)(Figure 2-11); two samples (SMF-1,2) were collected from
undeformed coarse-sandy strata for petrographic analyses. All beds of the Linley dip to the
NNE from 10 to 18 degrees, which is interpreted to be primary dip (Dutcher et al., 1986).
Paleozoic carbonate clasts are more prominent in the lower strata and each bed up-section
is composed of greater proportions of igneous and metamorphic clasts; sediments that
were progressively stripped from the veneer to the core of the Beartooth Block. This change
in composition is consistent with clast-count data and sandstone modal compositions
(Jobling, 1974; this study). Jobling (1974) recovered pollen fossils that he thought to be
Clarkforkian from those strata, but he could not preclude an Eocene age due to the lack of
guide species.
The units closest to the range front are very poorly exposed around the SMF area.
However, a discontinuous narrow belt of vertical to overturned strata can be traced along
the northern front (Jobling, 1974). Recent slumping into a small drainage provided adequate
exposure for petrographic sample (SMF-3) collection. Here the clasts are mostly carbonates.
Jobling (1974) reported the ‘proximal facies’ having 60% carbonates as clasts in
conglomerates, but this unit also has igneous and metamorphic rock fragments. The visible
beds of sandstone are dark brown with thick bedding and calcite cement.

2.9 Beartooth synorogenic strata
Previous studies have established that the synorogenic sediments were deposited in
alluvial fans and braided streams along the eastern front of the Beartooth Range sometime
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during the early Paleogene (DeCelles et al., 1991b; Dutcher et al., 1986). Stratigraphic
changes in facies and clast compositions have been interpreted to record progressive
unroofing during the Beartooth uplift (Dutcher et al., 1986). Each range-front area has a
sequence of highly deformed strata unconformably under strata that are not tilted or are
less deformed. The deformed strata are closer to the mountain front and, where
relationships can be determined in the field, lower in the stratigraphic section than the
subhorizontal strata. Thus, compositional differencess should be observable between
sandstone beds from the more deformed and less deformed units in each sequence.
However, other researchers suggest that some sequences of synorogenic strata are fault
bounded (Pierce, 1965; Lillegraven, 2009). Strata emplaced by thrusting would not exhibit
characteristics of an unroofing sequence.
Stratigraphic observations and petrographic analyses are necessary to test these
different hypotheses; each sample’s relative stratigraphic position and bedding attitudes
are listed in Table 2-1. Improved understanding of the stratigraphic relationships and
sediment compositions may also help with correlations with distal strata in the Bighorn
Basin.
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Figure 2-3: Exposures in the South Clarks Fork Fan (SCF); a.) upper SCF strata (100 meters)
with opposite westward dips mapped as thrust klippe (Pierce, 1965), lines showing relative
dip of bedding; b.) lower SCF strata with a prominent horizon (1 meter) of sub-bituminous
coal. Both photos to the northwest
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Figure 2-4: Exposures in the North Clarks Fork Fan (NCF); a.) southern exposure and the
focus of stratigraphic analyses and measured section (622 meters); dark line show locations
of major intraformational unconformities; view to the north. b.) northwestern exposure of
variegated horizons and steeply-dipping beds; view to the southeast (van for scale).
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Figure 2-5: Stratigraphic log of the North Clarks Fork Fan (NCF) measured section. Total
measured thickness is 622.5 meters. Samples used in petrographic analyses are listed by
their respective interval. M-mud; St-silt; S-sand; G-gravel.
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Figure 2-6: Select exposures of strata in the Bennett Creek Fan (BCF); a.) basal beds with
vertical dips lie parallel with red soil horizons, view to the north; b.) intraformational fold
(fold axis plunging NNW) in the upper strata with darker beds depositionally above the fold.
LCF - Line Creek Fan.
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Figure 2-7: Strata in the Line Creek Fan (LCF); a.) western exposure in the LCF with
steeply-dipping variegated beds (10 meters) below Quaternary alluvium; view to the south.
b.) mid-section exposure of shallow-dipping variegated conglomeratic mudstones (40
meters); beds grade into Fort Union strata eastward into the basin, view to the east.
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Figure 2-9: An isolated exposure of vertically-dipping carbonate-boulder conglomerate
beds in the Red Lodge Fan (RLF); conglomerate is intercalated with sandy lenticular beds.
View to the southeast.
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Figure 2-10: Locations of well-logs into the upper synorogenic units of the Red Lodge Fan,
near Red Lodge Montana. Well logs came from small foothill with no exposure and record
depths up to 155 meters. Geologic data from Raines and Johnson (1995).
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CHAPTER 3: SEDIMENTARY PETROLOGY
3.1 Purpose
Data on sandstone mineralogy were collected in order to resolve correlations of strata
along the Beartooth range front to either the upper Paleocene Fort Union Formation or the
uppermost Paleocene-lower Eocene Willwood Formation. Petrographic comparisons among
synorogenic units are also used to test hypotheses about their origin.

3.2 Methods
3.2.1 Field Work
Oriented hand samples of sandstones were collected from twenty-eight outcrops of
synorogenic strata exposed along the northeastern perimeter of the Beartooth Range front,
in Montana and Wyoming (Figures 2-1, 2-2; Table 2-1). Sample localities are grouped
spatially depending on their geographic position along the range front. Samples were
collected from some exposures that are highly deformed and others that have undergone
much less deformation. For a more detailed description about location abbreviations and
the sedimentary units sampled for petrographic analyses, see Chapter 2. All sample
locations are shown in Figures 2-1 and 2-2; UTM coordinates, bedding attitudes and relative
stratigraphic position are listed in Table 2-1.
Of thirty unweathered sandstone samples analyzed, twenty-eight were derived from
synorogenic strata and for comparison two came from distal exposures of the Fort Union
and Willwood Formations in Montana and Wyoming, respectively (Figures 2-1, 2-2).
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3.2.2 Sample preparation
Thin section blanks were prepared in the WWU rock lab. Twenty-eight blanks were
made into standard thin-section slides by Spectrum Petrographics in Vancouver, WA, and
two thin sections were made in-house at the WWU rock lab. Sand grains were counted to
discriminate populations of framework grains by published criteria (Dickinson, W.R., 1970),
using a petrographic microscope in the WWU Petrology Lab.

3.2.3 Analyses
Modal compositions of framework grains were determined based upon 300 point
counts per thin section, using either a 1 mm or 0.5 mm grid spacing; error associated with
300-point modal compositions is ± 0.05 (Pettijohn et al., 1987). For each thin section,
twenty systematic traverses of fifteen points each (300 total points) were counted and
tallied into clastic framework-grain populations using a modified Gazzi-Dickinson method, in
which crystals larger than silt-sized within lithic fragments are counted as monocrystalline
grains (Ingersoll et al., 1984). Grain populations include: total quartz grains (Qt), with both
monocrystalline quartz grains (Qm) and polycrystalline quartz fragments (Qp);
monocrystalline feldspar grains (F), including plagioclase (P) and K-feldspar (K); and
polycrystalline lithic fragments (L) of two kinds, igneous and meta-volcanic grains (Lv), and
sedimentary and metasedimentary grains (Ls). The total lithic fragments, Lt, equal the sum
of all lithic fragments, L, plus quartzose lithic fragments, Qp (Dickinson and Suczek, 1979).
Lithic grains of both sedimentary and meta-igneous origin were further categorized by rock
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type. Those polycrystalline constituents are primarily grains with igneous and metamorphic
textures, calcium-carbonate, shale/mud grains, and micaceous phyllite/slate fragments.
Descriptions for the main types of framework grains follow.
Quartz
Quartz is the dominant type of detrital grain in the proximal sandstones, and
monocrystalline quartz (Qm) is the most common variety (Table 2-1). Extinction patterns in
cross-polarized light vary from straight to highly undulatory (Figures 3-1, 3-2a); some
monocrystalline quartz grains contain inclusions of opaque accessory minerals that were
difficult to identify. Monocrystalline quartz grains are well- to sub-rounded, and many
appear to be second-cycle detrital fragments. Other types of quartz include polycrystalline
varieties; those with three or fewer interlocking crystals, and those with four or more
crystals (Figure 3-2). The former were generally in greater abundance and probably derived
from meta-igneous source rocks, whereas the latter include chalcedony and recycled chert
fragments. A few quartz grains showed signs of replacement by secondary opal or calcium
carbonate.
Feldspar
Orthoclase (K-spar) is the most abundant of all feldspar types (Table 2-1); the main
variety of K-spar is assumed to be microcline based on the distinctive tartan twinning visible
in cross-polarized light (Figure 3-2). Feldspar grains with albite twinning were identified as
plagioclase. Replacement of feldspar grains by calcium carbonate was minor; if the
characteristics of the detrital feldspar were still visible, it was counted as feldspar. Feldspar
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grains are usually sub-rounded or sub-angular, the former in fine sand sizes and the latter in
coarser-grained sand.
Lithics – igneous and metamorphic types
Many samples from upper synorogenic sediments contain polycrystalline granitic rock
fragments that were distinguished as large interlocking crystals of quartz and feldspar
(Table 2-1; Figures 3-1b, 3-2b). Generally observed as coarse-sand grains, these fragments
are mostly sub-angular and derived from meta-igneous basement rocks. Additionally, the
upper sediments contain porphyritic andesite fragments (Figure 3-1b); angular grains with
opaque ground mass and mostly plagioclase phenocrysts.
Schistose and phyllitic metamorphic rock fragments were easily identified under crosspolarized light by parallel orientation of foliated minerals, most of which are micas.
Individual booklets of muscovite and biotite are common, chlorite less so (Table 2-1). Slate
fragments are fine-grained and hard to positively identify due to their opaque nature in
cross-polarized light. Most metamorphic rock fragments are angular to sub-angular metasediments and are included in the polycrystalline sedimentary lithic grain (Ls) population
(Table 2-1).
Lithics – sedimentary types
Polycrystalline sedimentary lithic varieties mainly include those types categorized as
polycrystalline quartz (chert and chalcedony grains), calcium carbonate, and mud/shale.
Microcrystalline chert grains show some variety in textures; grains appear slightly opaque,
have microcrystalline extinction properties, or contain larger quartz and calcite crystals that
probably are replacement. Detrital carbonate grains are common in samples from lower
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synorogenic strata (Table 2-1). Carbonate fragments are predominantly micrite or sparite.
Micrite was recognized by its microcrystalline aggregate texture or pelloids; sparry calcite
crystals interlock in fragments with euhedral shapes and noticeable twinning patterns in
cross-polarized light (Figure 3-1a). Fine-grained shale fragments were easily identified if
they contain silt-size detrital quartz inclusions; the sub-rounded shape of shale fragments is
the only other property that made them distinguishable from clayey matrix material.
Accessory minerals
Accessory mineral constituents counted include zircon, epidote, pyroxene, apatite,
chlorite, mica, and glauconite. Additionally, thin sections from different lithofacies were
analyzed for variations in intergranular composition. Amounts of matrix material and
cement were determined in order to further determine changes in parent material and
diagenetic processes (Table 2-1).

3.3 Results
QFL ternary plots for proximal sands illustrate the quartzo-lithic nature of these
sandstones (Table 2-1; Figure 3-3). The synorogenic depositional areas from the SMF
southward to the SCF contain lithic arenites or wackes (Pettijohn et al., 1987) with quartzrich lithologies (Figures 3-3, 3-4, 3-5). Sandstones of the southern depositional areas have
high proportions of quartz; QtFL modal compositions range from 75-3-22 to 57-7-36 within
SCF, NCF and BCF strata (Table 2-1). In comparison, sand bodies on the northern front, in
the SMF, have the greatest population of lithic grains; QtFL modes range from 52-16-32 to
27-11-62 (Table 2-1; Figure 3-3). Synorogenic sediments in the RLF, GCF, and LCF, near the
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northeastern corner of the Beartooth Range (Figures 2-1, 2-2), have modal grain
populations that are in between the quartz-lithic proportions measured in adjacent
depositional areas (Table 2-1). Similarly, feldspars constitute up to 16% of framework grains
in sediments of the northern SMF, while percentages drop to 2% and 3% in the southern
NCF and SCF strata, respectively (Table 2-1). These data support the sandstone modal
analyses of Dutcher et al. (1986), in which synorogenic sediments along the northern range
front contain proportionally less quartz but more feldspar and polycrystalline lithic grains
than the southern areas. Pebble counts of Dutcher et al. (1986) support my data; pebbles in
the southern areas, such as the SCF and NCF, are dominantly carbonate, whereas crystalline
and porphyritic clasts are more prominent in northern areas.
QtFL modes are plotted for sandstone samples in lower strata (Figure 3-4a) and upper
strata (Figure 3-4b), along with the detrital modes of distal sandstones in the Tongue River
Member of the Fort Union Formation and the Willwood Formation analyzed in this study
(Figure 3-4). Included in these plots are published average detrital modes of sands in the
Tongue River Member of the Fort Union Formation, the Wasatch Formation (Whipkey et al.,
1991) and the Willwood Formation (Neasham and Vondra, 1972) (Figure 3-4). Also, the
compositional end members reported for synorogenic sandstones from the southern
(Flueckinger, 1970) and northern range front (Jobling, 1974) are plotted (Figure 3-4).
Petrographic analyses of Neasham and Vondra (1972) indicate that Willwood sands are
generally quartzo-feldspathic arenites. The distal Willwood sandstone analyzed in this study
is compositionally similar to the detrital modes of Neasham and Vondra (1972), but less
similar to the compositions of the synorogenic sediments analyzed in this study and by
49

previous workers (Figure 3-4) (Flueckinger, 1970; Jobling, 1974). QtFL averages of distal
Tongue River sands (Fort Union) are consistently quartzo-lithic (Whipkey et al., 1991; this
study) and display a strong likeness to the proximal sandstones from range-front sequences
(Figure 3-4).
The averaged detrital modes in sands of the limestone and crystalline facies of
Flueckinger (1970) have compositional disparities similar to those of the sands in proximal
facies and Linley conglomerate units of Jobling (1974) (Figure 3-4). A shift towards the totalquartz (Qt) pole, and to a lesser extent the feldspar pole (F), is also observed in most upperstrata sediment of this study (Figure 3-4). This compositional difference between lower and
upper units is best observed in the detrital modes from the three northernmost areas, the
SMF, RLF and GCF, but is also apparent in the sandstone modes from the LCF, BCF and SCF,
in Wyoming (Figure 3-4). Detrital modes in lower and upper sediments from the NCF show a
similar provenance (Figure 3-4). Overall, the lower units of this study are compositionally
similar to sands in the limestone facies in the southern field area (Fleuckinger, 1970) and
proximal facies in the northern field area (Jobling, 1974) (Figure 3-4a). In contrast, the upper
units have a better compositional match to the crystalline facies of Fleuckinger (1970) and
Linley conglomerate strata (Jobling, 1974) (Figure 3-4b).
QmFLt ternary plots show quartzo-lithic compositions for synorogenic sands in the
western Bighorn Basin (Figures 3-3b, 3-5). The QmFLt plots show increasing monocrystalline
quartz and decreasing feldspar proportions, moving north to south in range-front strata
(Figure 3-3). The elevated amounts of polycrystalline quartz and feldspar in the northern
areas drive this proportional change (Figure 3-5). Similarly, these framework-grain modes
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plot very close to the distal Fort Union sample and are less similar to the composition of
distal Willwood sandstones (Figure 3-5). Figure 3-5 also shows that the lower units generally
have higher proportions of feldspar grains than the upper units. GCF sediments show the
greatest shift from high proportions of monocrystalline quartz in lower sediments to greater
proportions of polycrystalline fragments in the upper units. In comparison, RLF sediments
have high proportions of sedimentary lithics in the lower sample and show increased
monocrystalline grains in the upper strata (Figure 3-5).
Lithic grain populations in synorogenic sediments are chiefly sedimentary lithics (Ls) and
meta-igneous lithics (Lv) (Figure 3-6). Commonly, samples with the greatest proportion of
polycrystalline quartz also contain higher concentrations of Lv fragments relative to Ls
grains (Figure 3-6b). Samples from the central LCF and BCF regions have the greatest
variation in lithic types, with QpLvLs modes ranging 32-52-16 to 10-71-19 and 10-7-83 to 2765-8, respectively (Figure 3-6). The northernmost area, the SMF, also contains a large
variation of polycrystalline types (Table 2-1). In comparison, several locations have lithic
grain populations that are predominantly one type. Of all the polycrystalline grains in upper
GCF sediments, between 56% and 78% are meta-igneous types, mainly with granitic-gneiss
and andesite porphyry lithologies. Sands in the NCF have sedimentary polycrystalline grains
that range between 54% and 78%, of which the majority are carbonate grains (Figure 3-6).
The sample of Willwood Formation contains very few sedimentary lithic fragments, while
the Fort Union sample is dominated by mixed lithic fragments with very little polycrystalline
quartz (Figure 3-6). The QpLvLs plots generally show a transition from high proportions of
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sedimentary lithic grains in lower sediments to high proportions of polycrystalline quartz
and meta-volcanic constituents in the upper sediments (Figure 3-6a).
Monocrystalline grain populations in sands along the Beartooth front are dominated by
quartz, orthoclase feldspar, and plagioclase feldspar (Table 2-1; Figure 3-7), generally in that
order of decreasing abundance, but a few areas have slightly more plagioclase than
orthoclase feldspars. Monocrystalline quartz to total quartz (Qm/Qt) range from 97%
percent in the Clark’s Fork fans of the southern field area to 73% in the northern SMF (Table
2-1). The plagioclase to total feldspar ratio generally decreases from north to south; the
highest range in plagioclase to total feldspar ratio is between 68% and 37% in the SMF, and
the lowest range is between 21% and 0% in the BCF (Table 2-1). The areas with the greatest
proportion of feldspar grains are the SMF, GCF, LCF, and RLF, in descending order of
feldspar abundance; these areas are also the most northerly within the entire study region
(Table 2-1; Figures 2-1, 2-2). Both of the distal-basin samples from the Fort Union and
Willwood formations almost entirely lack feldspar as framework grains (Table 2-1). In
general, upper-strata sediments contain proportionally more feldspar grains than the lower
sediments (Figure 3-7).
The proportion of accessory minerals in proximal sands is highest in northern areas
(Table 2-1). No single heavy mineral type is exclusive to a particular area, but several
mineral constituents are in greater proportions in certain areas. The northern SMF by far
contains the greatest proportion and variety of heavy minerals; epidote, apatite, and mica
minerals are each up to 3% of the analyzed grains. The LCF had a large abundance of mica
and chlorite that reached proportions of 7% and 2%, respectively. Glauconite grains are
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most common in proximal sands of the southern field area, constituting between 1% and
2% volume of those rocks (Table 2-1).

3.3.1 Diagenesis
Calcium carbonate is the most common cementing agent in Beartooth proximal
sandstones. Calcium-carbonate cement constitutes up to 40% by volume in many of the
coarse-grained sandstone facies, but in some samples makes up only 6% of the analyzed
volume (Table 2-1). High percentages are characteristic of early diagenetic calcite, since
early cementation occurs before the sands are significantly compacted (Quade and Roe,
1999). High volumes of calcium-carbonate cement may also indicate significant replacement
or dissolution of detrital grains (McDonald and Surdam, 1984). Calcium-carbonate cement
generally occurs as sparry calcite between grains (Figures 3-1b), but pore infilling by micrite
cement is also observed (Figure 3-8). Early diagenetic calcium-carbonate cement probably
formed from ions released by the dissolution of detrital carbonate in the waters of up-slope
paleodrainages; CaCO3 in the dissolved load was subsequently carried by shallow surface
waters and precipitated as cement. However, several lines of evidence indicate that some
intergranular sparite was altered during late diagenesis.
Partial replacement of detrital carbonate grains by calcite is fairly common (Figure 3-8),
and to a much lesser extent quartz and feldspar have been replaced by calcium carbonate.
The former is identified by the large zones of micrite that grew over former grain
boundaries (Figure 3-8). Replacement of quartz and feldspar was identified only if the
features of the original detrital grain were still apparent. Isotopic values determined for
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CaCO3 cements from the NCF indicate mixed sources of calcium carbonate, as discussed in
Chapter 4.
Small amounts of iron-oxide cement, probably hematite, are present; thin sections from
samples in the LCF, BCF, NCF, and SCF show hematite occupying large volumes of the
intergranular space (Table 2-1), usually near fractures or high-porosity zones of the sample.
The iron-oxide minerals are secondary, either second-generation cements or replacement
minerals. The former explanation seems more likely, since most detrital grains are coated
with relict CaCO3 cement and the hematite appears to mix with interstitial material (Figure
3-8). The inference of hematite being a secondary intergranular mineral is supported by the
paleomagnetic data from the NCF (Chapter 5). Remanent magnetic directions preserved by
hematite are inconsistent with magnetization at the time of deposition, and therefore are
post-lithification overprints (Chapter 5). A few samples contain small amounts of opaline
cement, others have authigenic clay; however, these materials are minor constituents.

3.4 Discussion
The modal compositions of proximal sands along the Beartooth front indicate they were
derived from a recycled orogenic provenance, using the classification scheme of W.R.
Dickinson et al. (1983) for North American sandstones (Figure 3-3). Source material for the
synorogenic strata potentially includes the thick sequence of Cambrian through Upper
Cretaceous sedimentary units that overlie the Beartooth block, Archean basement rocks of
the Wyoming Province, as well as several intrusive bodies of Upper Cretaceous andesite
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porphyry found on the perimeter of the block uplift (Lopez, 2001; Love and Christiansen,
1985).
Petrographic modes on proximal sediments from the western margin of the Bighorn
Basin are characteristic of unroofing-style erosion and deposition of the Beartooth uplift
complex (Dutcher et al., 1986) (Figures 3-4, 3-5, 3-6, 3-7). Framework-grain compositions
are similar among all samples; the same basic grain types are present, but they differ in
relative proportions (Table 2-1; Figures 3-5; 3-6). This compositional similarity suggests that
the Beartooth synorogenic sediments had a common provenance. Sediments in lowersequence strata have greater proportions of carbonate lithics and recycled quartz, whereas
upper strata contain greater proportions of first-cycle granitic and meta-igneous grains
(Table 2-1; Figures 3-4 and 3-6). These subtle changes in mineralogy show the unroofing of
source material within the Beartooth block progressed during each episode of uplift and
deposition off the range front. This pattern of unroofing is also recorded in distal sediments
of Fort Union and Willwood formation in the Bighorn Basin (Kraus and Gwinn, 1997; Kraus
and Wells, 1999) and presents a case for using petrologic comparisons to determine stages
of unroofing and Laramide basin development (Carroll et al., 2006).

3.4.1 Lower strata
Sandstones in the stratigraphically-lower units generally contain an abundance of subto well-rounded monocrystalline quartz grains, suggesting the much of the sediment was
recycled from older quartzose sedimentary units. Several quartz-rich eolianite units, such as
the Permian Tensleep and Triassic Chugwater formations, are found near the Beartooth
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Range (Pierce, 1965); these sandy units are potential sources of recycled quartz grains.
Additionally, the lower units usually have the lowest proportion of feldspar grains (Figures
3-4, 3-5). The general lack of feldspar is a strong indication that there were no crystalline
source rocks exposed during early deposition to contribute first-cycle feldspars. In a few
samples feldspar may have been replaced by calcium carbonate or broken down into clay
minerals, thus percentages determined in this study could be lower than the original
feldspar content.
Sand compositions in the lower units consistently contain the highest proportions of
sedimentary lithic grains (Figure 3-6). Polycrystalline sedimentary lithic fragments are
chiefly carbonate, with lesser mudstone fragments, and were likely derived from the
Paleozoic carbonate units exposed to the west along the range front. The high proportion of
calcium-carbonate cement in proximal sediments (Table 2-1) may indicate high amounts of
dissolved carbonate were carried by waters that drained the range and precipitated into
pore spaces.
Detrital glauconite is a common trace constituent in the lower strata (Table 2-1), but is
thought to form only in marine environments (Folk, 1980). However, it may survive limited
sedimentary transport and has been found in non-marine sedimentary rocks (Pettijohn et
al., 1987). Detrital glauconite was most likely derived from marine sequences that flank the
eastern Beartooth Range; possible sources of glauconite include the Permian Phosphoria
Formation, the Jurassic Sundance Formation (Love and Christensen, 1985), or other
Mesozoic units. So few glauconite grains make compositional comparisons unreliable
(Pettijohn et al., 1987), but the highest proportions were all found in lower proximal strata
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(Table 2-1), consistent with unroofing of Paleozoic and Mesozoic material during early
synorogenic deposition.
The mineralogy of the lower units is similar to that of the sample from the Tongue River
Member of the Fort Union Formation collected in the distal basin (Figure 3-4a) and is
consistent with monocrystalline quartz and lithic-rich compositions that typify distal Tongue
River Member sands (Whipkey et al., 1991) (Figure 3-4a). These mineralogic data also agree
with previous investigations on Beartooth synorogenic strata that recognized a lower
unroofing facies rich with sedimentary clasts (Fleuckinger, 1970; Jobling, 1974) (Figure 34a). Although a majority of the lower synorogenic rocks are mapped as part of the Willwood
Formation in Wyoming (Love and Christiansen, 1985; Pierce, 1965), their mineralogy
supports a lithostratigraphic correlation with quartz-dominated channel sandstones of the
Tongue River Member in the upper Fort Union Formation (Figure 3-4a).

3.4.2 Upper strata
The lower quartz proportions in the upper units reflect the greater proportions of metaigneous lithic fragments, feldspars, heavy minerals, and micaceous rock fragments (Table 21). Sub-rounded monocrystalline quartz is the major quartz type, but polycrystalline
varieties are more abundant in undeformed strata (Table 2-1; Figures 3-5, 3-6), which may
indicate first-cycle erosion of quartzite in granitic-gneiss Precambrian rocks (Casella, 1964).
Low volumes of polycrystalline quartz are reported for upper Fort Union strata (Jobling,
1974; Kraus and Wells, 1999; Whipkey et al., 1991), suggesting that some upper-strata units
were probably deposited after those upper Fort Union sediments.
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Upper strata found in the northernmost areas (the SMF, RLF, GCF, and LCF) contain the
highest proportions of feldspar framework grains (Figures 3-4, 3-5, 3-6, 3-7). The greater
proportion of orthoclase to plagioclase feldspar is probably explained by the overall alkalifeldspar granitic composition of Beartooth Precambrian rocks (Casella, 1964) or occurs
because orthoclase is more resistant to weathering (Pettijohn et al., 1987). The higher
proportion of feldspar parallels an increase in meta-igneous and volcanic lithic grains, and
to a lesser extent the increased mica (Table 2-1). The increased input of micas and metaigneous rock fragments can be linked to erosion of basement rocks. The presence of
volcanic fragments suggests late-Cretaceous andesite-porphyry intrusions (Rouse et al.,
1937) were also eroded off the northeastern range front. The inference that Precambrian
crystalline material was being shed into these upper-sequence strata is consistent with
pebble-count data reported by Dutcher et al. (1986). Detrital carbonate grains, which are
dominant in the lower sediments, are relatively minor in these upper units (Table 2-1).
Detrital glauconite is also less common in the upper strata, probably due to the removal of
source rocks that contained glauconite before the upper strata were deposited.
The observed changes in mineralogy between the lower and upper sediments,
particularly the elevated proportions of feldspar, polycrystalline quartz, and other accessory
minerals in the latter, strongly suggest the upper sediments were deposited after increased
uplift and exposure of the granitic-gneiss core (Casella, 1964) of the Beartooth Mountains.
These subhorizontal strata show compositional similarities to the lower Eocene Wasatch
(Whipkey et al., 1991) and upper Paleocene-lower Eocene Willwood formations (Figure 34b) (Neasham and Vondra, 1972), which are mainly composed of first-cycle Precambrian
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fragments. Additionally, the upper unroofing facies of Flueckinger (1970) and Jobling (1974)
show a stronger compositional match to upper, less deformed rocks than to the lower,
more deformed units (Figure 3-4b).
One sample from each of the South Clarks Fork Fan (SCF-2) and the Bennett Creek Fan
(BCF-5), in the southern field area (Figure 2-2), came from strata mapped as thrust klippen
(Pierce, 1965). These samples are plotted with upper sediments due to their superposition
in each depositional area (Table 2-1; Figures 3-4, 3-5, 3-6). Sample SCF-2 contains 12% total
volume of meta-igneous lithic grains, a stark difference to the 2% or fewer meta-igneous
lithics in the other SCF samples (Figure 3-6). Along with the larger amount meta-volcanic
lithics are the highest proportions of feldspars and polycrystalline quartz observed in all SCF
sediments (Table 2-1). Sample BCF-5 also differs from other BCF samples in having the most
meta-igneous lithic, feldspar, and polycrystalline quartz grains (Table 2-1; Figures 3-5, 3-6).
The compositional dissimilarities observed in strata mapped as thrust klippe (Pierce, 1965)
do not fully support that structural hypothesis; thrust structures generally put older units
above younger ones. Sand compositions of this study suggest these strata are likely younger
than underlying rocks. An interpretation more consistent with my data is that the various
‘klippen’ features are fault-block landslide deposits brought down from higher sequences
(Stewart et al., 2008), and are not thrust structures. However, the origin of these strata is a
contentious subject (e.g., DeCelles et al., 1991a; Lillegraven, 2009) and cannot be confirmed
by petrologic data alone.
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3.4.3 Multiple periods of synorogenic sedimentation
Proximal sedimentation followed two main stages of tectonism that lifted the Beartooth
block during the Laramide orogeny (Foose et al., 1961; Wise, 2000). Two-stage deposition is
apparent in two packages of range-front strata separated by unconformities (DeCelles et al.,
1991a; Dutcher et al., 1986) with non-uniform bedding attitudes (Table 2-1).
Along the eastern front (Figure 2-1) exposure is good; relative age assignments based on
fossil beds and lithostratigraphic markers indicate that sediments in the southernmost SCF
and NCF areas are the oldest deposits, and generally deposits become younger northwards
toward the GCF (Dutcher et al., 1986; Hickey, 1980). Since the greatest amount of late-stage
deformation occurred along the northeastern range front (Nielsen, 2009; Parker and Jones,
1986; Wise, 2000) and exposure on the northern front (Figure 2-2) is poor, correlations of
synorogenic strata cannot be made there.
Relating the amount of deformation to lower and upper synorogenic sandstone modes
seems justified for an unroofing sequence; more deformed strata consist of material eroded
off the top of the uplift, and less deformed strata contain more fragments from the
underpinnings of the orogen. Comparing sandstone compositions to relative deformation
may help with associations between proximal strata found along the Beartooth range front.
The complex history of faulting associated with the Beartooth block (Lillegraven, 2009;
Nielsen, 2009; Wise, 2000) makes it difficult to provide an absolute sequence of
depositional events along the entire range front.
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Sequences south to north
Petrographic data from sediments in the southernmost South Clarks Fork and North
Clarks Fork fans, with the exception of the ‘klippe’ sample discussed above, show little
change in mineralogy between the lower and upper strata (Figures 3-4, 3-5, 3-6, 3-7). The
lack of compositional contrast means the source material that supplied the southern areas
did not change between the periods of uplift (DeCelles et al., 1991a). Strata in these areas
match the lithologic characteristics described above for lower units, which is consistent with
the interpretation that the southern strata are the oldest along the eastern front (Dutcher
et al., 1986).
Samples from the Bennett Creek Fan and Line Creek Fan, to the north, do show subtle
differences in mineralogy between lower and upper units (Figures 3-4, 3-5, 3-6, 3-7). Each
analyzed sample from the Line Creek Fan has an abundance of detrital fragments derived
from crystalline rocks (Table 2-1; Figures 3-5, 3-6), as do the upper beds of the Bennett
Creek Fan (Table 2-1). Sequences within the SCF, NCF, BCF and LCF are considered partially
equivalent (Dutcher et al., 1986); however, the compositional variations observed in
sediments within a small spatial range suggest they were shed along paleodrainages that
incised different source rocks.
Petrographic data from Gold Creek Fan show obvious differences in mineralogy
between lower and upper strata. The lower sample (GCF-1) contains less polycrystalline
quartz and feldspar and more sedimentary lithics than other GCF samples (Figures 3-5, 3-6).
Sample GCF-1 also had the highest proportion of detrital glauconite, which is a
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characteristic of Fort Union sandstones (Whipkey et al., 1991). The mineralogy of GCF
sediments shows evidence for unroofing of the Beartooth block.
The few samples analyzed from the Red Lodge Fan show strong compositional contrasts
(Figures 3-4, 3-5, 3-6, 3-7). The lower strata sample (RLF-1) contains 37% carbonate grains,
while the samples from subhorizontal strata are rich in quartz and feldspar grains (Table 21). The early Tertiary rocks below and above unconformities previously recognized along
the very northeastern range front (Stewart et al., 2008; Wise, 2000), can be petrologically
linked with early and late synorogenic deposits, respectively.
Two episodes of synorogenic sedimentation at the Sheep Mountain Fan are evident in
the comparative mineralogy (Figures 3-4, 3-5, 3-6, 3-7) and from the very different bedding
attitudes of the two units (Table 2-1). The compositional data of this study associates the
overturned ‘proximal facies of the Fort Union’ and subhorizontal ‘Linley conglomerate of
the Fort Union’ units of Jobling (1974) with the lower and upper units, respectively (Figure
3-4).

3.4.4 Comparative Petrology
Sedimentation differs between proximal areas of foreland uplifts and the distal regions
(Graham et al., 1986). However, similarities in the petrographic data offer support for
relating lower and upper synorogenic strata to the Fort Union and Willwood formations,
respectively.
Several lines of evidence in addition to my data suggest that the upper units exposed at
the three northernmost localities (the GCF, RLF, and SMF) were at least partly deposited
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during Willwood time (latest Paleocene). Plant fossils thought to be Clarkforkian in age
occur in upper beds at both the SMF and GCF; however they could not preclude an early
Eocene age since no index species were found (Hickey, 1980; Jobling, 1974). Synorogenic
sediments for the same sections contain higher proportions of feldspar, polycrystalline
quartz, and meta-igneous fragments than the lower units (Table 2-1). During Willwood time,
the primary sediment source was the Precambrian crystalline rocks exposed in the
Beartooth and Bighorn mountain ranges (Kraus and Gwinn, 1997). Neasham and Vondra
(1972) reported that Willwood sandstones from the margin of the basin contain the highest
proportions of crystalline rock fragments, feldspars, and polycrystalline quartz; their sands
generally have subarkosic compositions. Similarly, the petrographic analyses of Whipkey et
al. (1991) on sandstones in the Eocene Wasatch Formation show compositions rich with
Precambrian detritus that was shed off the northern Bighorn Mountains. The Willwood
Formation does not exist outside Wyoming (Love and Christensen, 1985; Neasham and
Vondra, 1972); the equivalent to Willwood strata in southern Montana is mapped as
Wasatch Formation (Raines and Johnson, 1995). Compositional characteristics could be the
reason the U.S. Geological Survey mapped upper synorogenic strata at Sheep Mountain, in
Montana, as part of the Wasatch Formation (Figure 2-1).
In summary, the petrographic results of this study provide insights into a geologic
problem that will require more research in order to be fully resolved. I prefer the
interpretation that Beartooth synorogenic strata were deposited concurrent to upper Fort
Union strata in the late Paleocene and when lower Willwood strata was deposited in the
latest Paleocene-early Eocene. The spatial and temporal distribution of source material that
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fed range-front systems varied through the Paleogene history of the Bighorn Basin, and the
nature of synorogenic deposition within active tectonic zones captures an incomplete
record of that story. Nonetheless, determining first-order changes in sediment composition
remains fundamental when assigning relative ages for Laramide-basin stratigraphy (Carroll
et al., 2006; Dickinson, W.R., et al., 1988). Lower-sequence strata are petrologically similar
to the upper Fort Union deposits, and the upper units on the northern front show
compositional similarity to the Willwood Formation. Comparisons of sand mineralogy from
proximal strata along the northeastern Beartooth range front show compositional changes
that likely reflect a transitional period of Bighorn Basin development between the Fort
Union and Willwood depositional regimes.
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Figure 3-1: Photomicrographs of petrographic thin sections from samples of Beartooth synorogenic
sandstones (in cross-polarized light); a.) NCF-1; b.) LCF-6. Grain populations discussed in text; Qmmonocrystalline quartz; Qp-polycrystalline quartz; K-orthoclase feldspar; P-plagioclase feldspar; Mvmetavolcanic fragment; gr-granitic fragment; m-mica; Sp-sparite grain; Scm-sparry cement.
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Figure 3-2: Photomicrographs of petrographic thin sections from samples of Beartooth synorogenic
sandstones (in cross-polarized light); a.) GCF-2; b.) RLF-3; Grain populations discussed in text; Qmmonocrystalline quartz; Qp-polycrystalline quartz; K-orthoclase feldspar; P-plagioclase feldspar; Mvmetavolcanic fragment; gr-granitic fragment; m-mica
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Figure 3-3: Ternary diagrams showing modal framework-grain compositions of synorogenic
sandstones along the northeastern Beartooth range front. (a.) QtFL diagram showing all samples
included in petrographic analyses, (b.) QmFLt diagram showing all samples analyzed from each
locality; distal basin samples from this study; provenance fields after Dickinson et al. (1983). Key lists
sample locations from north to south; location abbreviations shown on Figures 2-1 and 2-2 and
described in text. Qt – total quartz; F - feldspar; L – polycrystalline lithics.
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Figure 3-4: QtFL ternary diagrams showing modal-framework grain populations of synorogenic
sandstones in (a.) lower units and, (b.) upper units from each locality; klippen samples outlined in
black. Distal strata samples from this study. Large symbols with numbers are published modal
averages from correlative Paleogene sandstones; 1- Neasham and Vondra, 1972 (n=26); 2- Whipkey
et al., 1991 (Wasatch, n=5; Fort Union, n=14); 3- Fleuckinger, 1970 (limestone facies, n=12;
crystalline facies, n=5); 4- Jobling, 1974 (proximal facies, n=20; Linley cgl., n=22). Key lists sample
locations from north to south; location abbreviations described in Figures 2-1, 2-2 and text.
Stratigraphic data listed in Table 2-1. Qt – total quartz; F - feldspar; L –polycrystalline lithics.
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Figure 3-5: QmFLt ternary diagrams showing modal-framework grain populations of synorogenic
sandstones in (a.) lower units and, (b.) upper units from each locality; klippen samples outlined in
black. Distal strata samples are from this study. Key lists sample locations from north to south;
location abbreviations described in Figure 2-1, 2-2 and text. Stratigraphic data listed in Table 2-1.
Qm – monocrystalline quartz; F - feldspar; Lt – total polycrystalline fragments.
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Figure 3-6: QpLvLs ternary diagrams showing polycrystalline-framework grain populations of
synorogenic sandstones in (a.) lower units and, (b.) upper units from each locality; klippen samples
outlined in black. Distal strata samples are from this study. Key lists sample locations from north to
south; location abbreviations described in Figures 2-1, 2-2 and text. Stratigraphic data listed in Table
2-1. Qp – polycrystalline quartz; Lv - meta-volcanic lithics; Ls – sedimentary lithics.
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Figure 3-7: QmPK ternary diagrams showing monocrystalline framework-grain populations in
synorogenic sandstones along the northeastern Beartooth range front in (a.) lower units and, (b.)
upper units from each locality; klippen samples outlined in black. Distal strata samples are from this
study. Key lists sample locations from north to south; location abbreviations described in Figures 21, 2-2 and text. Stratigraphic data listed in Table 2-1. Qm – monocrystalline quartz; P – plagioclase
feldspar; K – potassium (K) feldspar.
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CHAPTER 4: STABLE ISOTOPE STRATIGRAPHY
4.1 Purpose
Paleogene strata in the Bighorn Basin hold some of the world’s best continental stable
isotope records of major climatic events that occurred across the Paleocene-Eocene
boundary (Koch et al., 1995). Just east of my study area, the Fort Union and Willwood
formations have been sampled in detail for carbon and oxygen isotopic ratios (Bowen et al.,
2001; Koch et al., 2003) and therefore are useful stratigraphic datasets with which to
correlate lithostratigraphic units and precise temporal records. Carbon isotope analyses
were performed with the goal of finding the carbon-isotope excursion that marks the
Paleocene-Eocene boundary, near 55.4 Ma (Aziz et al., 2008). A record of this event could
help constrain depositional ages of Beartooth proximal strata, as well as tie-in additional
temporal markers for the magnetic polarity zones in the synorogenic type section (Chapter
5). Oxygen isotope analyses were performed in order to characterize the amount of isotopic
mixing that occurred between high and low elevation waters and the carbonate rocks that
sourced the North Clarks Fork Fan (NCF) (Dettman and Lohmann, 2000; Poulsen and Jeffery,
2011), and potentially to determine the paleoelevation of the water sources. The isotopic
compositions in proximal-basin sediments also help to determine the extent of diagenetic
alteration that may have occurred during burial (Dickinson, W.W., 1988) or from carbonate
recrystallization in the shallow subsurface (Quade and Roe, 1999).
Each clastic-rock sample was prepared into subsamples in order to effectively gauge the
amount of isotopic mixing between carbonate source rocks and waters that precipitated
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calcite cements. The subsample approach also identifies the natural isotopic variation in
each sample and gives a quantitative comparison of values derived from different methods
of sample preparation. The sample strata contain measurable volumes of carbonate lithic
fragments and calcareous cement (Table 2-1).

4.2 Methods
A suite of coarse-grained sedimentary rocks all bearing varying amounts of carbonate
was collected from the southern exposure of a composite stratigraphic section, the NCF, in
northwestern Bighorn Basin of Wyoming (Figure 1-6). Hand samples were collected from
each laterally-continuous layer of the 622.5 meter NCF section (Table 4-1; Figure 4-1). Each
sample was gathered in stratigraphic order using standard field geology techniques with a
1.5 meter Jacob’s staff, Brunton compass and a GPS unit to obtain accurate spacing,
stratigraphic thickness, and location data for samples in the section (Table 4-1; Figures 4-2,
4-3; Appendix A). The carbonate materials analyzed include clasts of limestone and
dolomite, cements that were mostly sparite, and pulverized fragments of calcareous bulk
rock; each sample yielded cement and bulk-rock subsamples (Table 4-1).

4.2.1 Sample preparation
Between 500 to 1000mg of carbonate powders were obtained from each of the 52
calcareous sandstone and conglomerate samples; each sample provided two or three
subsamples. Representative aliquots of intergranular cement from each sample were
obtained using a dremel tool and diamond drill bits; homogenized chunks of the bulk rock
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and carbonate lithoclasts were pulverized using a mortar and pestle. Carbonate powders
were packaged in small cylindrical plastic vials and shipped for analyses to the stable
isotope biogeochemistry laboratory at the University of Canterbury in Christchurch, New
Zealand.

4.2.2 Analyses
Carbonate powders were analyzed for stable oxygen and carbon isotopes using a
technique modified from McCrea (1950). Carbonate powders were placed in a sealed
reaction vessel and heated to 70°C with concentrated phosphoric acid and flushed with
helium gas using a Finnigan gas-bench, in order to remove unwanted atmospheric carbon
and oxygen. Headspace sampling of evolved carbon dioxide was performed with a Finnigan
Gas-Bench, and isotopic ratios were measured on a Finnigan Delta + XL mass spectrometer.
Precision of the carbonate isotopic data is ± 0.2 ‰ (1σ) for both oxygen and carbon isotope
ratios based on repeated analyses of the National Bureau of Standards-19 (NBS-19)
standard, and in-house carbonate standards.

4.2.3 Stable isotope conversions
All oxygen and carbon isotope ratios from this study are reported in permil (‰) values
of the delta notation relative to the Vienna–Peedee Belemnite (V-PDB) carbonate standard:
δ = [(Rsample/RV-PDB) – 1] x 1000, where Rsample and RV-PDB are the isotope ratios of the sample
and standard, respectively. This study compares NCF isotopic data in V-PDB to regional
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datasets that report isotope ratios of carbonates and water from different standards; the
following conversions were used for data comparisons (Table 4-1).
V-SMOWcalcite (Vienna-Standard Mean Ocean Water) is a common reference scale for
δ18O values in carbonates, which is based on the SMOW standard but recalibrated by
Gonfiantini (1978) to improve international lab calibrations. In order to compare carbonate
δ18O values from different standards, an equation was used from Coplen (1988):

δ18O V-SMOWcalcite = 1.03091 x δ18O V-PDB + 30.91

[Eq. 1]

Additionally, many researchers aim to understand the connection between oxygen
isotope ratios preserved in carbonates and those values derived from waters in ancient and
modern systems. V-SMOWwater is the common reference scale for hydrologic systems. Due
to the different oxygen isotope fractionation in water and calcite, each has different ranges
in δ18O (Gonfiantini, 1978). In this study I use an equation from researchers who calculated
oxygen isotope equilibrium between calcite cements and meteoric waters (Hays and
Grossman, 1991):

1000 lnα(calcite-water) = 2.78 (106 TK-2) – 3.39

[Eq. 2]

where α(calcite-water)= (O18/O16)calcite/( O18/O16)water, and Tk = temperature in degrees
Kelvin. This equation is based upon equilibration and precipitation experiments at
temperatures between 0° and 500° Celsius (Hays and Grossman, 1991). A mean annual
76

temperature (MAT) of 15.2° C calculated for early Eocene leaf assemblages in western
Wyoming (Wolfe, 1994) was used in the V-PDB to V-SMOWwater conversion for this study
(Table 4-1).

4.3 Results
The δ18O values of all calcite-bearing samples range from -11.8‰ to 10.4‰ (V-PDB).
Marine carbonate clasts have the highest δ18O values, from -5.8‰ to 10.4‰, whereas
cements have the lowest values, from -11.8‰ to -1.2‰ (Table 4-1). The δ18O values of the
pulverized bulk-rock subsamples show a very poor covariance with the values from calcite
cements collected at the same stratigraphic interval (Figure 4-2). A three-point running
average of δ18O values from cements shows little systematic change throughout the
composite section (Figure 4-2). δ18O values average around -4‰, but have an excursion to
more negative values in the lower section from 120-135 meters, with smaller deviations
upwards in the section. The more negative cement δ18O values are similar to those from
calcite cement of early Eocene sediments in the Wind River Basin in central Wyoming (Fan
et al., 2011) and are close to values reported by Koch et al. (1995) from paleosols in the
Bighorn Basin (Figure 4-4). Carbonate clasts, limestones and dolostones, gave variable δ18O
values in different conglomeratic intervals (Table 4-1).
The δ13C values of samples in NCF range from -3.6‰ to 4.8‰ (V-PDB). Marine
carbonate clasts have the highest δ13C values, from -1.0‰ to 4.8‰; cement values range
between -3.6‰ and 2.2‰ (Table 4-1). Pulverized bulk-rock subsamples have δ13C values
that are weakly covariant with the cement values collected at the same stratigraphic
77

intervals (Figure 4-3). The δ13C values of calcite cements show lesser variation throughout
the NCF section; the lowest sediments gave values ~1‰ and are moderately consistent with
those values higher in the section. An excursion to more negative δ13C values occurs in the
strata from 128-135 meters (Table 4-1; Figure 4-3). All δ13C values from NCF strata are more
positive than the δ13C values reported by Koch et al. (1995) from Bighorn Basin paleosols
(Figure 4-4).
The δ13C and δ18O values of each subsample plotted against stratigraphy of the NCF vary
independently and show no obvious correlation to lithologic or facies changes in the strata
(Figures 4-2, 4-3). In general, the bulk-rock subsamples have values that are isotopically
enriched (more positive) relative to cement values. Lesser variation was observed in the
subsample δ13C values than the δ18O values, but no trends were apparent in either data
comparison (Figures 4-2, 4-3).
One trend shown by the data is a moderately strong covariance between the δ13C and
δ18O values of calcite cements throughout the NCF section (Figure 4-4). A line fit to the data
has a positive linear regression (R2=0.66) and shows the possible range of isotopic mixing, as
well as outliers in the data. Also of interest in this relationship is the isotopic excursion to
more negative values that occurs in sandy-conglomeratic beds toward the bottom of the
NCF section (Figures 4-2, 4-3). This negative excursion is only found in two to three δ13C and
δ18O samples from stratigraphically-adjacent intervals (120-135 meters); these data allow
for more interpretations to be discussed below.
The coupled δ13C and δ18O values from marine carbonate lithoclasts provide a useful
end-member of an isotopically-enriched environment and can be used to gauge the extent
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to which marine isotope compositions have been incorporated into the other subsamples
(Figure 4-4). Although the isotopic values vary between the lithoclasts collected at different
stratigraphic intervals, they are well bracketed by the isotopic values that have been
measured in Paleozoic and Mesozoic carbonates within the North American miogeoclinal
sequence (Figure 4-4) (Brand et al., 2009; Veizer et al., 1999).

4.4 Discussion
4.4.1 Carbonate clasts
Paleozoic and Mesozoic marine carbonate clasts in NCF strata are the most isotopicallyenriched subsamples collected in this study (Table 4-1). This result is expected because
marine deposits generally accumulate on low-relief stable platforms, where high-positive
stable isotope compositions are typical (Veizer et al., 1999). Carbonate source rocks include
Cambrian Pilgrim Limestone, Ordovician Bighorn Dolomite, Devonian Jefferson Dolomite,
Mississippian Madison Group, and other minor carbonate units (Pierce, 1965). Most of the
isotopic compositions from marine clasts fall within the values reported from unaltered
Phanerozoic carbonate units on the western interior platform (Figure 4-4) (Katz et al., 2007;
van Geldern et al., 2006; Veizer et al., 1999). However, there are a couple of carbonate-clast
subsamples with isotopically-depleted values relative to typical marine values. Several
researchers report miogeoclinal carbonate sequences having geochemical signatures more
akin to intercontinental sequences (Brand et al., 2009), rather than typical marine
compositions (Katz et al., 2007), which could explain the more negative carbonate-clast
values (Figure 4-4).
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4.4.2 Bulk-rock
The poor covariance between the pulverized bulk-rock and calcite cement subsamples
provides a useful basis to interpret the natural isotopic variation in a single block sample
(Figures 4-2, 4-3). δ13C variation in the bulk-rock and cement subsamples could be used to
determine the compositions derived from biomass or atmospheric CO2 (Quade and Roe,
1999), while the δ18O signal can be used to infer the amount of isotopic mixing derived from
detrital carbonates (Dickinson, W.W., 1988; Mack et al., 2000).
Bulk rock and cement δ13C values have a similar ranges (Figure 4-3), which are more
positive than the δ13C values from paleosols in the Fort Union and Willwood formations of
the northern Bighorn Basin (Koch et al., 1995). The large difference of δ13C between NCF
rocks and those from Bighorn Basin paleosols (Koch et al., 1995) (Figure 4-4) suggests that
the process driving carbon isotope fractionation was different for each setting. NCF strata
formed in a bedload-dominated environment with little soil development (Dutcher et al.,
1986). Also, fluvial environments with abundant carbonate source rocks will develop
surface pavements that inhibit plant growth (Wang et al., 1996); carbonate pavements were
observed in the NCF. The more negative δ13C values of Koch et al. (1995) are at least partly
due to higher rates of pedogenesis below a vegetated substrate that promotes isotopicallydepleted compositions (Koch et al., 2003). The much more positive δ13C in NCF samples
suggests there was little vegetation in the high-energy environment of NCF deposition, or in
the water catchment that sourced the sediments. This interpretation is consistent with
previous investigations that recovered very few paleofloral data from Beartooth range-front
strata (Dutcher et al., 1986; Hickey, 1980).
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The δ18O from bulk rock and cement subsamples range widely (Figure 4-2), with the
same general trend as δ13C. The majority of the bulk-rock subsamples have the highest δ18O
values, likely due to a mixing of more positive isotopic compositions inherited from
carbonate fragments. However, a few bulk-rock subsamples have more isotopicallydepleted compositions than the associated cement subsamples. More negative δ18O in the
bulk-rock samples could be from the secondary calcite phases that replaced carbonate
grains after deposition (Dickinson, W.W., 1988).
Bulk-rock data show that the identification and discrimination of isotopic signatures
derived from different methods of sample preparation can be valuable when interpreting
stable isotope data. Numerous researchers solely analyze bulk-rock samples for their
geochemical-based interpretations (e.g., Dickinson, W.W., 1988; Wang et al., 1996), while a
subsample approach may help to clarify any noise in the data.

4.4.3 CaCO3 cements
Calcium-carbonate cements generally form by precipitation into a pore or onto the
surface of a detrital grain, or by dissolution and reprecipitation of a former carbonate phase
during diagenesis (McDonald and Surdam, 1984). The composition of stable isotopes
preserved in carbonate minerals can be altered by diagenetic processes (Morrill and Koch,
2002). Due to the large number of variables that determine the isotopic values of calcite
cement in clastic rocks, it is impossible to attach a single explanation to changes in the
cement isotope record for NCF stratigraphy. Below several observations are discussed to
provide possible explanations about the processes that have resulted in the clustering of
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the most positive isotopic values (Figure 4-4) and the occurrence of the most negative
isotopic values from the lower-middle NCF section (Figures 4-2, 4-3).
The isotopic values of terrestrial cements and marine carbonates should be distinctly
different (Figure 4-4) (Wang et al., 1996). On the δ13C versus δ18O plot (Figure 4-4), values
from calcite cements and carbonate clasts display the two end members of NCF isotope
compositions, having more negative and more positive values, respectively. The cement
values that cluster between compositional end-members have a larger range in δ18O (-4.7‰
to -0.3‰) than in δ13C (0.3‰ to 2.1‰), suggesting that processes driving isotopic mixing
caused more variation in the oxygen isotopes. Evaporation is known to cause an enrichment
of δ18O in near-surface waters relative to precipitation, but with a lesser influence on δ13C
(Dickinson, W.W., 1988; Morrill and Koch, 2002). The likelihood that evaporation caused
some variation in the δ18O values is also supported by field observations. There is minor
evidence for soil horizons and organic matter in the NCF, but there are extensive calcitecemented beds.
In general, the isotopic values of calcite cements on the δ13C versus δ18O plot have a
moderately strong positive linear relationship, with the slope of the line running roughly
parallel to the 1:1 ratio between δ13C and δ18O (Figure 4-4). The covariance between carbon
and oxygen isotopes is generally a good indication that waters precipitating calcite were
part of an open-drainage system (Davis et al., 2009; Talbot, 1990), rather than a
hydrologically-closed system (e.g., closed lakes). This is mostly due to the large range in
δ18O that occurs from evaporation in a closed system (Morrill and Koch, 2002; Talbot, 1990).
Thus oxygen isotope compositions precipitated in an open drainage system can be used as
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proxy indicators for regional rainfall (Davis et al., 2009; Dettman and Lohmann, 2000;
Poulsen and Jeffery, 2011). Strong δ13C and δ18O covariant signals recorded in terrestrial
carbonates allow for more robust determinations of isotopic ratios in meteoric waters than
δ18O alone, since evaporation is considered to be minimal (Horton and Oze, in review).
Some NCF cement isotopic values don’t display this covariant trend (Figure 4-4); however,
the covariance that is observed between the most negative carbon and oxygen
compositions is used to support some interpretations made below.
Early and late diagenesis
Petrographic analyses of sandstones within the NCF provide support for both early and
late diagenetic calcium-carbonate cement. There is evidence for two or more generations
of cement in four of the six NCF thin-sections. Calcite cement constitutes up to 40% of
sandstone modes (Table 2-1), and less commonly matrix material was calcareous. Early
diagenetic cements are chiefly sparite; coarse calcite crystals occur between grains and also
form as coatings on detrital grains (Figures 4-5a). Late diagenetic cements are evident as
discrete zones of micritic calcite and iron-oxides, which generally occurs in zones near
fractures or areas with porous material (Figure 4-5b). The formation of iron-oxide and
micrite would both tend to give more positive values of δ18O due to soil-oxidation and the
dissolution of marine carbonate grains (Dickinson, W.W., 1988; Mack et al., 2000). These
processes could also explain the clustering of cements enriched in δ18O (Figure 4-4).
A majority of cement subsamples have isotopic values that cluster and overlap with
values from both the bulk rock and carbonate clast subsamples (Table 4-1; Figures 4-2, 4-3,
4-4). Isotope values in clastic cements can be linked to the isotope compositions in pore
83

waters that precipitated the intergranular calcite (Quade and Roe, 1999). The strong
clustering of many NCF isotope values could be due to the dissolution of isotopicallyenriched marine fragments and addition of those isotopes to the pore waters (Wang et al.,
1996) during early or late diagenesis.
One interpretation in support of early diagenesis would be that lower δ18O values came
from river waters or groundwater sourced from precipitation in neighboring highlands
(Quade and Roe, 1999). Higher elevation δ18O values are usually more negative, and
probably mixed with the isotopes from other oxygen sources, including lower elevation
waters and dissolved carbonates (Dettman and Lohmann, 2000; Poulsen and Jeffery, 2011).
Assuming equilibrium between each δ18O source, the cements would have an overall lower
range in δ18O (Mack et al., 2000). This scenario could serve as a possible explanation for the
most negative δ18O and δ13C values.
Some of the clustered cement data (Figure 4-4) were probably derived from the
recrystallization of previous phases of carbonate at various temperatures during late
episodes of diagenesis. In surface waters and shallow groundwaters, the δ13C composition
of carbonate parent material has little influence on early diagenetic cement δ13C (Wang et
al., 1996). The results of W.W. Dickinson (1988) show that calcite cements in sandstones
from the Green River Basin did not inherit the isotopic compositions from detrital carbonate
fragments until depths ≥ 1 km, where there is less 13C available from soils. The enrichment
of δ13C in cements (Figure 4-4) could be due to the lack of 13C incorporated from surface
biomass (Quade and Roe, 1999), unless former phases of carbonate recrystallized during
deep burial (Dickinson, W.W., 1988).
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The large ranges in δ13C and δ18O cement values are consistent with the interpretation
that carbonates in the NCF were not subjected to deep burial (> 2.5 km) diagenesis and
recrystallization. In the deep-burial zone of the Green River Basin, isotopic compositions in
carbonate-rich clastic rocks have negative linear covariant trend (Dickinson, W.W., 1988);
this trend is not present in my data. Figure 4-4 would show less range in the isotopic
compositions if all calcite cements continue to precipitate during burial (Quade and Roe,
1999). Since only a portion of the total cement actually recrystallizes at one time (Mack et
al., 2000), much of the range likely results from the preservation of earlier cements
(Dickinson, W.W., 1988). Thus NCF cements that recrystallized during late diagenesis
probably occurred in the shallow subsurface.
Oxygen-isotope fractionation between water and calcite phases at high temperatures
will produce more positive values of δ18O (Fricke and O'Neil, 1999). Therefore differing
temperatures of formation may explain the range of δ18O in NCF cements. Warm-fluid
precipitation of calcite would tend to homogenize δ18O values in all carbonates (Dickinson,
W.W., 1988; Mack et al., 2000), which could explain the clustering of the more positive
isotope data from the NCF (Figure 4-4).
Increased temperatures have a lesser effect on δ13C in the subsurface (Dickinson, W.W.,
1988; Morrill and Koch, 2002), since the δ13C incorporated from surface vegetation is
absent, which tends to yield more negative δ13C (Quade and Roe, 1999). The only processes
that could have produced the most negative δ13C values in NCF rocks are bacterial
fermentation or the permeation of organic-rich hydrate fluids, both of which would
promote isotoptically-depleted δ13C (Dickinson, W.W., 1988; Smith and Gould, 1980).
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However, carbon isotopes produced during the breakdown of organic matter are expected
to have δ13C values that are more negative than -20‰ PDB (Smith and Gould, 1980); the
addition of such isotopically-depleted δ13C was not evident in NCF cements. Moreover,
sparse organic matter was observed within NCF strata and most hydrate-hosting rocks
require 2-4 km of burial (McDonald and Surdam, 1984). Upper Paleocene strata depths in
the Bighorn Basin (Dickinson, W.R., et al., 1988) and cement isotope values are consistent
with shallow diagenesis.
Most isotopic data presented in this study show evidence for calcium-carbonate
cementation during late diagenesis due to dissolution and precipitation of calcium
carbonate happening near the surface or during shallow burial. Anomalous are the most
negative covariant δ13C and δ18O values that only occur in select intervals of the NCF section
(Figures 4-2, 4-3). Since there is petrographic and isotopic evidence for cements forming
during early diagenesis, it seems justified to present different explanations for the origin of
the isotopically-depleted samples. Paleoclimatic perturbations or changes in paleoelevation
during the early Tertiary are two possible explanations for the most isotopically-depleted
samples.
Paleoclimate and Paleoelevation
Modern precipitation patterns in the Rocky Mountains are dominated by storm tracks
that come off the Pacific and Arctic Oceans in the winter and precipitation sources that
emanate from the Gulf of Mexico and southwestern U.S. during the summer seasons
(Dutton et al., 2005). Mountain belts and plateaus have been physiographic features of the
Rocky Mountains since the Paleogene (DeCelles, 2004); high elevations have an orographic
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influence on moisture-laden weather masses, significantly altering the patterns and
trajectories of precipitation (Ruddiman and Kutzbach, 1991). This rain-shadow effect has
been documented by stable isotope records of ancient and modern climatic systems of the
western U.S. Cordillera since early-Eocene time (Dutton et al., 2005; Horton et al., 2004;
Sjostrom et al., 2006; Takeuchi and Larson, 2005). These findings suggest that
paleotopography of the northern Laramide province in the early Eocene was similar to
present landscapes, which supports comparisons to modern precipitation made below with
the oxygen isotope values of this study.
Early diagenetic cements form in equilibrium with shallow groundwater (Hays and
Grossman, 1991; Quade and Roe, 1999). The temperature of early cement formation should
be near the mean annual temperature (MAT) of a particular setting, since it formed close to
the surface (Mack et al., 2000). Wolfe (1994) calculated an early Eocene MAT of 15.2 °C
from leaf assemblages found in northwest Wyoming; however, North American midlatitude temperature regimes of the early Eocene were highly variable (Hickey, 1980; Wing
et al., 1991; Wolfe et al., 1998). Assuming the most negative δ18O value from NCF cements
are primary (-11.8‰ ± 1.3‰ V-PDB) with the paleotemperature of Wolfe (1994), the
calculated δ18O value of water is -11.4‰ ± 1.3‰ V-SMOWwater (using equation 2). A δ18O
value of -11.4‰ V-SMOW for NCF groundwater is much higher than the mean δ18O value of
modern precipitation at elevations ~2 km above sea level in Yellowstone National Park (16.1‰; Welker, 2008). This difference suggests that either modern precipitation near
Yellowstone occurs at higher elevations than the source of NCF surface waters, or that δ18O
in NCF waters record more isotopic mixing with marine carbonates δ18O compositions.
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Fan et al. (2011) calculated a δ18O value of -6.8‰ ± 1.9‰ (V-SMOWwater) for early
Eocene precipitation using the δ18O values from paleosols in the Bighorn Basin (Koch et al.,
2003) and Wind River Basin (Fan et al., 2011). With this value, Fan et al. (2011) suggest that
the paleoelevation of these northern Laramide basins was approximately 500 meters above
sea level. Paleobotanical data from Wolfe et al. (1998) also indicate that early Eocene
elevations in northwest Wyoming were much lower than modern altitudes. The difference
between the δ18O values of early-Eocene precipitation in the Bighorn Basin (Fan et al., 2011;
Koch et al., 1995) and the most negative NCF cements is 4.6‰ ± 1.6‰. If the highlynegative δ18O values from cements are primary, they would suggest alluvial waters that
drained into the NCF were sourced from high elevations to the west, rather than from local
basin precipitation. Using a modern isotopic lapse rate for eastern slopes of the Rocky
Mountains (2.9‰/km of elevation change; Dutton et al., 2005), the elevation difference
between the basin and the NCF water catchment was 1.6 ± 0.6 km; this elevation difference
is similar to the modern difference of 1.5-2.5 km. In comparison, DeCelles et al. (1991a)
report 3.8 km of basin-range relief in the late Paleocene for the same setting, while Omar et
al. (1994) calculated 4 to 8 km of rock uplift between the Beartooth block and the Bighorn
Basin by the early Eocene. However, my estimate of basinal relief (1.6 km) is a minimum
due to the effects of evaporation and mixing with marine compositions that promote
enriched δ18O (Morrill and Koch, 2002; Wang et al., 1996), and it is likely that this isotopic
signal is not from the highest elevation in the ancient NCF watershed.
Paleogene strata of the Bighorn Basin are the best continental records for the
Paleocene-Eocene Thermal Maximum (PETM) climatic perturbation; this event is marked by
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a -8‰ to -4‰ excursion of δ13C values in paleosols and mammalian tooth enamel due to
increased atmospheric CO2 levels around 55 Ma (Bowen et al., 2001; Fricke et al., 1998;
Koch et al., 1995). This climatic warming event is accepted as a global phenomenon that is
thought to be related to a series of nearly catastrophic releases of methane from gas
hydrates in the Pacific and Atlantic Oceans (Rohl et al., 2000). A negative δ13C excursion
occurs in NCF strata between the 128-135 meter intervals with a magnitude of
approximately -4.0‰ relative to the average of the other cement δ13C values (0.5‰) (Figure
4-3). This excursion comes from two samples from adjacent tabular beds of calcareous
sandstone below a carbonate-pebble conglomerate bed. However, several lines of evidence
suggest that these two values have not captured the PETM climatic event. Each δ13C value
has strong covariance to the δ18O value measured from the same NCF sample (Figures 4-2,
4-3). The δ13C and δ18O values reported from studies that examine the PETM in the Bighorn
Basin exhibit poor covariance (Bowen et al., 2001; Koch et al., 1995) because the high
concentration of paleo-CO2 is only recorded by the fractionation pathways of stable carbon
through flora and fauna (Fricke et al., 1998). δ18O associated with the PETM should show a
positive excursion due to the increased temperatures associated with the climatic event
(Fricke and O’Neil, 1999) which is evident in the data from Koch et al. (2003). The coupling
of depleted δ13C and enriched δ18O is not observed in my data (Figures 4-2, 4-3).
The occurrence of the two most negative δ13C and δ18O values from stratigraphicallyadjacent samples is interesting. However, a more detailed and higher-resolution sampling of
Beartooth synorogenic rocks must be done in order to confirm their recording of any
climatic alterations during the Paleogene.
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4.5 Regional Comparisons
Most NCF cement isotope compositions are products of late diagenetic dissolution and
precipitation of former carbonate phases after deposition. In comparison to the isotopic
work of W.W. Dickinson (1988) on sediments in the Green River Basin, Wyoming, my data
show similar depth-age relationships. Shallow sediments in the Green River basin (< 2 km
deep) have variable isotope ratios that were thought to record both early and late
diagenetic cement (Dickinson, W.W., 1988); these strata belong to the upper Paleocene
Fort Union Formation and the lower Eocene Wasatch Formation. Similarly, I interpret my
data to record various generations of diagenetic cement, which came from strata that are
thought to be late Paleocene to early Eocene in age (Dutcher et al., 1986; this study).
The paleoclimate interpretations from this study are strongly comparable to results
from early Eocene deposits in the Wind River Basin of Wyoming (Fan et al., 2011). Fan et al.
(2011) reported 2.3 ± 0.8 km of basin to range relief based on the highly negative δ18O
values of fluvial cements from the early Eocene Indian Meadows (-11‰ PDB) and Wind
River (-16.6‰ PDB) formations. The base of the Indian Meadows Formation is
approximately correlative to lower strata of the Willwood Formation (ca. 55 Ma) (Dickinson,
W.R., et al., 1988). An interpretation of the negative δ18O values from NCF cements (-11.8‰
± 1.3‰ V-PDB) suggests that at least 1.6 ± 0.6 km of relief was established between by the
time of early synorogenic deposition off the Beartooth Range (Dutcher et al., 1986). The
timing and onset of basin development and basement uplifts in the Laramide province
varied in space and time (Carroll et al., 2006). However, a comparison of regional isotopebased elevation estimates may indicate that lower Beartooth synorogenic sediments were
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shed coevally with the Indian Meadows Formation, during similar stages of Laramide
tectonics in the early Eocene. This approach for comparing spatially and temporally distinct
isotope records has been used to evaluate the diachronous evolution of major watersheds
in Laramide basins (Davis et al., 2009) and could aid with correlations of basin stratigraphy.
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Figure 4-2: Oxygen isotope stratigraphy of calcite cements and pulverized bulk rock from
the North Clarks Fork Fan. Red line represents a 3-point running average of the cement
data. V-PDB; Vienna – PeeDee Belemnite.
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Figure 4-3: Carbon isotope stratigraphy of calcite cements and pulverized bulk rock from the
North Clarks Fork Fan. Red line represents a 3-point running average of the cement data. VPDB; Vienna – PeeDee Belemnite.
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Figure 4-5: Photomicrographs of petrographic thin sections from the NCF; a.) NCF-6 showing
uniform sparite growth in pore spaces between grains, and some sparry crystals with meniscus
textures; b.) NCF-2 with relict sparry cement coating grains and abundant iron-oxide cement
covering grain boundaries and relict cement. Scm - sparite cement; FeO- iron-oxide; Cpxclinopyroxene; Qm- monocrystalline quartz; CC- carbonate clast; K- Kspar; P- plagioclase; Glglauconite (both photos in in cross-polarized light).
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CHAPTER 5: MAGNETIC REVERSAL STRATIGRAPHY
5.1 Purpose
Proximal strata in the western Bighorn Basin are mapped as Fort Union Formation in
Montana (Lopez, 2001), but in Wyoming equivalent units are considered to be part of
Willwood Formation (Love and Christensen, 1985) (Figure 1-6). Clyde et al. (2007) have
constructed a detailed magnetostratigraphic framework across distal Fort Union and
Willwood strata in the Bighorn Basin that has helped to correlate fossil beds, isotopic data,
and basin deposition within a single stratigraphic context. Proximal strata are not included
in the timelines of Clyde et al. (2007), and these units have unclear relationships to the
distal strata. This study presents paleomagnetic data from the type section of Beartooth
proximal strata (Dutcher et al., 1986) to improve chronostratigraphic control for the rangefront deposits. Identifying polarity reversals within synorogenic sequences provides new
evidence to correlate distal and proximal deposits, and gives a better connection between
the unroofing of source material (Dutcher et al., 1986; DeCelles et al., 1991a; this study) and
evolution of the Bighorn Basin.

5.2 Methods
For the paleomagnetic study, samples were drilled from the North Clarks Fork Fan (NCF)
in Wyoming (Figure 1-6); the composite stratigraphic section of Paleogene coarse-clastic
rocks is considered to be the type section for Beartooth synorogenic strata on the eastern
front (DeCelles et al., 1991a; Dutcher et al., 1986). In order to identify magnetic polarity
zones within the sampled section for comparison to regional magneto-stratigraphic
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datasets (Butler et al., 1981; Clyde et al., 2007), sites were sampled from each laterally
continuous stratigraphic unit in the southern NCF exposure (Figure 5-1).

5.2.1 Sampling
Four to seven samples were taken from each site using a gas powered DO26-C Pomeroy
rock drill with a BSS-1E Pomeroy diamond drill bit and water pump. Each core was oriented
with a magnetic compass and marked in the field, then cut to standard length specimens in
the lab (2.2 cm). Overall, 318 specimens were obtained from 261 samples taken from 46
sites. Sample sites were generally collected in stratigraphic order, located with a GPS unit,
and correlated to measured intervals in the NCF section; details of the NCF stratigraphy are
outlined in Chapter 2 of this study.

5.2.2 Data acquisition
All paleomagnetic data were collected at the Pacific Northwest Paleomagnetism
Laboratory at WWU. Prior to demagnetization, all 318 specimens were measured for
magnetic susceptibility and its anisotropy (AMS) using a Kappabridge KLY-3 susceptometer.
All subsequent procedures were performed in a magnetically-shielded room. The Natural
Remanent Magnetizations (NRM) of every specimen was measured initially, and the
magnetization was measured subsequent to each demagnetization step with a 2G-755 DC
cryogenic magnetometer. Specimens were demagnetized using an ASC TD-48 thermal
demagnetizer in ten to fifteen temperature steps between 100° and 600°C. Thermal steps
selected varied depending on the nature of demagnetization per site, but a representative
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procedure was as follows (°C): NRM, 75, 120, 180, 240, 300, 350, 390, 430, 470, 500, 530.
Specimens were held at each of those temperatures for 30 minutes. For two
demagnetization experiments, the bulk susceptibility of each specimen was measured
between every high-temperature step to track changes in susceptibility that may occur with
mineralization at high temperatures. This was performed on a Bartington MS2 magnetic
susceptibility meter. Alternating Field (AF) demagnetization was performed on some
specimens that yielded noisy or unusable results. This was done with alternating fields
increasing over ten to fourteen steps from 5 to 200 milliTeslas (mT). Initial pilot
demagnetization experiments recognized low-stability thermo-viscous overprints; later
procedures ran two to three low-temperature steps between 70 and 150°C to remove those
components, and were subsequently induced to step-wise AF demagnetization.
Magnetic parameters such as saturation magnetization (Ms), saturation remanence (Mr)
and coercivity (Hc) were obtained for small fragments of representative specimens using
the Princeton Measurements MicroMag model 3900 vibrating sample magnetometer
(VSM), at WWU. Specimens were considered representative for sites that displayed good
demagnetization behavior and reliable polarity data, as well as several that showed
unstable demagnetization behavior. Measurements included hysteresis loops, Isothermal
Remanent Magnetization (IRM) acquisition, and direct field demagnetization. Although the
analytical input parameters varied depending on coercive strength of each sample, the
applied fields steps generally ranged from 100 and 200 Oersteds (Oe) using 16-second
averaging times, until each sample approached saturation around 2.5 kOe or 15 kOe.
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5.2.3 Analyses
Demagnetization data are displayed in orthogonal vector plots (Zijerveld, 1967) and
equal-area stereonet plots (Figures 3-2, 3-3, 3-4, 3-5, 3-6). Demagnetization-vector
components were defined using principal component analyses (PCA) (Kirschvink, 1980) in
CTanalysis software; demagnetization ranges and component directions are listed in Table
5-1. Fisher (1953) statistics on IAPD computer software were used to determine mean
directions and statistics for each site (Table 5-2). Tauxe (2002) programs used to analyze
directions include bootdi.exe, foldtest.exe, and angle.exe.

5.2.4 Terminology
My discussion of paleomagnetic data uses terms whose meaning may be lost to readers
outside the paleomagnetism discipline. A brief description of relevant terminology follows:
Magnetic susceptibility is the magnetizability, or how much magnetization can be imparted
by a given magnetic field to a particular substance. The coercivity of a magnetic mineral is
the resistance it has to becoming demagnetized; this usually refers to specimens subjected
to AF demagnetization or fields applied with the VSM. Remanent magnetization is what
remains after a magnetizing field is removed. Moment is the magnitude of magnetization of
a material; intensity is moment per unit volume. Moment should decrease during
demagnetization, reflecting changes in the magnetization (remanence direction may also
change) of the original or natural NRM. The changes in magnetization may define magnetic
component(s), whose vector sum equals the original NRM. The first- and second-removed
components are simply those revealed in that order during demagnetization; the first103

removed component is usually an overprint magnetization, and the second-removed
component may be from and older, or original, magnetization event (Butler, 1992).
Calculating the directions of vector paths in orthogonal diagrams through PCA
(Kirschvink, 1980) was done with free-line fits; these are lines that connect vector points
without using the origin as a point for forcing the line through it. Determining the original
magnetization component (for my study = second-removed component) is typically done
with line fits that involve the origin (anchored/origin line fits), but since I’m just
investigating polarity, free-line fits are appropriate. How well these lines fit vector end
points along the demagnetization path is estimated by the maximum angular deviation
(MAD), where lower angles mean better fits (McElhinny and McFadden, 2000).

5.3 Results
Details of GPS locations, bedding attitudes, and an abbreviated description of lithologies
sampled from 46 sites on the southern exposure of the NCF (Figure 5-1) are listed in
Appendix B. Five specimens from every site, with the exception of 10pw1, were fully
demagnetized until the remanence was unblocked, with residual magnetization clustered
near the origin; all demagnetization data used to determine components and polarity of
each site are listed in Tables 5-1 and 5-2. Three to five specimens from each site were used
to calculate the mean directions (Table 5-2); specimens with high MAD angles and noisy
demagnetization data were not included in calculations.
NRM intensity (J) and susceptibility (K) for each specimen are recorded in Table 5-1.
NRM intensities prior to demagnetization generally ranged from 5 x 10-5 to 2 x 10-4 A/m,
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with the exception of site 10pw2 that had an initial NRM intensity of 1.7 10-3 A/m (Table 51). The initial NRM intensities from sites in the NCF are similar to those reported from
magnetostratigraphic studies of correlative Paleogene sediments just to the east in the
Bighorn Basin (Butler et al., 1981; Secord et al., 2006). Bulk susceptibilities in NCF specimens
averaged around 7.5 x 10-5 and generally show low concentrations of magnetic minerals in
the clastic rocks (Table 5-1). Decay of NRM was observed in all specimens during
progressive demagnetization. Measurements of susceptibility following high-temperature
(>300°C) demagnetization steps revealed that many specimens experienced an increase in
bulk susceptibility when nearing temperatures ≥ 500°C. Those specimens were not
subjected to further thermal demagnetization.

5.3.1 Demagnetization experiments
All demagnetization data not provided in this manuscript are archived in the WWU
Paleomagnetism database; line-fit (.fit) and demagnetization measurement (.mea) files are
available upon request.
Orthogonal-vector plots show that the NRM of most specimens consists of two
components. Free-line fits to the demagnetization data consistently isolated a low-stability
component that was removed between NRM and temperatures below 300°C, or weak
applied fields up to 20 mT (Table 5-1). Initial demagnetization steps generally rapidly
removed a strong downward component with upper unblocking thresholds marked by
slower change (Figure 5-2b), or an abrupt change in the directions and paths of
demagnetization vectors (Figure 5-2a). The upper limits of this first-removed component
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stability were used to determine the approximate lower boundary of the second-removed
component.
Demagnetization beyond the decay of first-removed components yielded secondremoved components if 3 or more steps could be fit by free lines with low (≤ 20) MAD
values. These second-removed components have a variety of directions and noisy
demagnetization paths (Figure 5-2). Due to the importance of characterizing the remanent
directions of second-removed components for polarity interpretations, demagnetization
types A-D were created based on criteria described below.
Type A (17%) specimens have a lower stability component that is erased below 180°C,
or 15mT, and is almost always of normal polarity; this first-removed component typically
has a larger decay of intensity than the later-removed component (Figure 5-2a). Upon
removal of the first component the demagnetization path shows a linear trend toward the
origin defining upward and south directions (Figure 5-2a), with little directional change up
to peak temperatures and fields. These second-removed components are usually revealed
between 240 to 500°C or 20 to 50mT; lines fits to these data have MAD values ≤ 20 (Table 51). Type A specimens were predominantly from fine-to medium grained sandstones
(Appendix B). Subsequent analyses, discussed later, recognized a low-coercivity magnetic
mineral as the main carrier of remanence in type A specimens.
Type B (22%) specimens have well-defined first- and second-removed components with
downward and north directions (Figure 5-2b). Downward directions in the unblocking
spectra of both components appear subparallel, and exhibit a stable decrease in NRM
intensity to peak temperatures above 685°C, often with a subtle directional shift between
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300 and 500°C thermal steps (Table 5-2; Figure 5-2b). Free-line fits to second-removed
components had MAD values ≤ 20, but were generally less than 15 (Table 5-1). Type B data
came from sediments that were coarse sandstones or pebble conglomerates (Appendix B).
The foremost characteristic of type B specimens was high-coercivity and high-unblocking
temperature demagnetization thresholds that were well above all other specimens (Table 51; Figure 5-2b).
Type C specimens (36%) exhibit stable removal of a downward component until the
demagnetization path crossed an orthogonal plot axis at 250°C or 20mT (Figure 5-2c). The
second-removed components were revealed in subsequent steps up to 500°C or up to 70mT
(Table 5-1). Generally upward directions decayed toward the origin in three to four
sublinear vector points, until they overlapped or clustered in obscure directions (Figure 52c). Moreover, the free-lines fit MAD values for to the second-removed component in these
two specimen types were generally quite high (≥ 15) (Table 5-1). In the case with type C
specimens, the decrease in NRM intensity of the first-removed component was much
greater than in the later removed magnetic component (Figure 5-2c).
Many of the analyzed specimens fit the criteria attributed to type D demagnetization
(25%). There was usually a recognizable or first-removed component that was erased
between NRM and 250°C, or 15mT. Subsequent demagnetization displayed overall unstable
behavior; overlapping unblocking spectra of the second-removed components obscured any
linear demagnetization trends over three or more vector points (Figure 5-2d). Thus secondremoved components in type D specimens had the highest MAD values (Table 5-1), and
these data cannot be used to determine reliable directions of remanence (Figure 5-2d).
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An exception to demagnetization behavior in types A-D was found in specimens of site
10pw2; all analyzed specimens had demagnetization paths defining a single component in
various upward directions with shallow inclinations (Table 5-1; Figure 5-3). The highlighted
column in Figure 5-3b is showing the gradual decrease in moment with step-wise
demagnetization. What is interesting to point out here is that the initial NRM susceptibility
is rather low, compared to other specimens (Table 5-1). However, the initial NRM intensity
is much larger (Table 5-1; Figure 5-3b). Due to these different demagnetization results and
the spurious directions they yielded, information from site 10pw2 is not included in data
used to interpret polarity.

5.3.2 Site means/polarity
Site mean directions were calculated using Fisher (1953) statistics for all NCF sites in
which three or more demagnetized specimens revealed magnetization components with
good linear trends (Table 5-2). Summary statistics were evaluated to determine which sites
contained magnetic component vectors with directions that are robust or inconsistent with
that expected for a random selection of the population at the 95% confidence interval (α95).
The site mean directions are displayed on equal-area plots in different groupings depending
on the previously cited demagnetization behavior (Figures 5-4, 5-5, 5-6). Mean directions
are displayed in both geographic coordinates and stratigraphic coordinates; geographic
coordinates show in situ magnetization directions, while stratigraphic coordinates are
directions that are corrected for bedding dips (untilted by rotation about the strike line).
Calculations of the mean directions from the second-removed components often yielded
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high α95 values. Some of this is likely a reflection of most components being configured as
free-line fits (McElhinny and McFadden, 2000), the rest of the scatter may be natural within
sites. Of the second-removed component data groups, only types A and B are presented in
consideration of polarity assignments; however, site means belonging to type C data with
directions that plot close to the expected direction were given some weight when
interpreting zones of polarity.
The overall mean direction (declination/inclination) of the first-removed components
from all sites, except 10pw2, is 8.9/72.1 (α95 = 2.8), in geographic coordinates (Figure 5-4a).
The mean direction in stratigraphic coordinates is 59.3/44.3 with a higher α95 value (3.6),
meaning less clustered (Figure 5-4b). Site mean directions for the first-removed
components were generally calculated using 4 or more specimen directions from each site
(N=4-5), since there was a strong agreement in the directions of most low-stability
components (Table 5-1). These data are consistent with previous magnetostratigraphic
studies on Paleogene sediments of the northern Bighorn Basin that report well-defined
normal polarities in first-removed magnetic components (Butler et al., 1981; Clyde et al.,
2007; Secord et al., 2006).
Sites containing specimens that exhibited type A demagnetization generally have
second-removed component directions consistent with characteristic reverse polarities of
the early Paleogene (Diehl et al., 1983). These sites are classified as alpha sites and their
mean directions are also plotted with the expected early Eocene antipodal direction for the
Bighorn Basin in geographic and stratigraphic coordinates (349/63; α95=2.6) (Diehl et al.,
1983) (Figure 5-5). Sites shown in geographic coordinates gave a grand-alpha site mean that
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was pretty dissimilar to the reference direction (106/-51) but tend to cluster fairly well, as
suggested by a low α95 (10.2) (Figure 5-5a). Alpha sites in stratigraphic coordinates have a
grand-mean direction (162.5/-75) that is within error of the expected early Eocene
antipodal direction from Diehl et al. (1983), and clustered slightly better with a α95 value of
10.1 (Figure 5-5b). Overall, 10 sites from the NCF section (22%) matched the criteria
outlined for alpha sites, and the greatest populations of these sites came from middle and
upper NCF strata (Appendix B).
Sampled sites with type B specimens are herein considered beta sites. Beta site mean
directions consistently had steep-downward inclinations and northward declinations. The
expected early Eocene direction (Diehl et al., 1983) is plotted with mean directions for beta
sites projected in both geographic (Figure 5-6a) and stratigraphic (Figure 5-6b) coordinates.
There is agreement between the mean direction of beta sites in geographic coordinates
(346/61) and an overlap in the 95% confidence interval with the early Eocene direction of
Diehl et al. (1983) (Figure 5-6a), but also with present-day axial dipole field direction.
However, the agreement between directions is poor in stratigraphic coordinates; beta sites
in yielded directions that are not typical for the Paleogene (Figure 5-6b). Also, beta sites in
geographic coordinates had a lower α95 value (10.3) than after tilt correction (α95=11.3)
(Figure 5-6). A total of 12 beta sites were found in the NCF section (26%) and a majority of
those lie in the lower stratigraphic units sampled from the NCF (Table 5-2; Appendix B).
To minimize bias when determining polarity, a Tauxe (2002) script was used to calculate
the angle between NCF site mean directions and the expected directions. Site means in
geographic coordinates were compared to the Present Axial Dipole Field (PADF) (McElhinny
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and McFadden, 2000) for northern Wyoming (0/63.4; D/I) (Table 5.2; Figure 5-7a). The
angles between site mean directions in stratigraphic coordinates and the expected early
Eocene direction (349/63) (Diehl et al., 1983), are shown on Figure 5-7b. Since both
reference directions have normal polarities, if the angle from expected equals 180° then it
indicates a reversed polarity direction relative to the reference direction.
Sixteen sites have mean directions in geographic coordinates within 45° of the expected
PADF direction (Figure 5-7a). These sites include all 12 beta sites, 3 type C sites and 1 type D
site. Ten sites are within 45° of the antipodal PADF direction, which include 5 alpha sites, 4
type C sites, and 1 type D site (Table 5-2). Twelve site mean directions are within 45° of the
expected Eocene direction in stratigraphic coordinates (Figure 5-7b). Nine of these were
beta sites and the other 3 were type D sites (Table 5-2). However, all 10 alpha sites and 3
type C sites were within 45° of the antipodal expected Eocene direction (Figure 5-7b). Those
sites that have mean directions similar to the antipodal early Eocene direction are all in the
middle and upper NCF section, between the 238.5 and 592 meters (Table 5-2).
Polarity assignments presented in this study are considered more robust for those sites
with mean directions that plot within 45° of the expected early Eocene direction (or
antipodal direction) and if they had low α95 values. Overall, beta sites had higher α95 angles
than alpha sites, and had angles that deviated more from the expected Eocene directions in
stratigraphic coordinates (Table 5-2; Figure 5-7b). High α95 angles in beta sites reflect
inconsistent remanent directions in the second-removed components of each specimen
within the entire site. In comparison, the reverse-polarity alpha sites had a better match to
expected antipodal directions in stratigraphic projection and the lowest α95 values of all
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analyzed NCF sites (Table 5-2). Therefore, alpha site directions will be used to interpret the
magnetostratigraphy.

5.3.3 Hysteresis results
Rock magnetism experiments were conducted with the VSM in order to characterize the
magnetic mineralogy carrying the magnetic signals that define the directions of remanence
in NCF sediments. Samples for these experiments were selected mainly based on their
demagnetization behavior and coercive strength that was revealed when processing each
sample. It became apparent during VSM experiments and sample preparation that
specimen grain sizes were important. Type A samples from fine-grained sandstones yielded
reverse polarity directions; type B samples were from coarser-grained sediments with
normal polarity. These two data groups are the focus of hysteresis experiments discussed
below.
Figure 5-8 shows the results of a typical hysteresis experiment performed on a type A
sample fragment from 10pw30-4b. A simple hysteresis loop like this one is useful to define
magnetic parameters such as saturation remanence (Mr), coercivity (Hc), saturation
magnetization (Ms), and the field required to saturate the material (Hsat). The shape of the
hysteresis loop is determined by the change in high field susceptibility as a function of
applied field and the coercivity of remanence. For example, sample 10pw30-4b becomes
saturated at peak fields around 2.0 kOe, which is suggestive that the dominant magnetic
mineral has a low-coercivity range, consistent with certain phases of magnetite (Figure 5-8)
(Dunlop and Ozdemir, 1997).
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Five type A sediments were analyzed during hysteresis experiments. Hysteresis loops for
type A samples, excluding sample 10pw17-3b, measured with the same instrument settings,
are superimposed (Figure 5-9). All but 10pw17-3b approach saturation (Hsat) near 2.5 kOe,
and have coercivities (Hc) around 200 Oe (Figure 5-9). Figure 5-10 contrasts the raw loop
(steeper slope) with the one corrected for paramagnetic susceptibility. These steep-slope
corrections may indicate that the different shapes of each hysteresis loop in Figure 5-9 are
due to different concentrations of magnetic minerals and paramagnetic ones (or
diamagnetic minerals like quartz) in the samples (Tauxe et al., 1996). Hsat near 2.5 kOe and
Hc around 200 Oe are consistent with the magnetic mineral magnetite (Dunlop and
Ozdemir, 1997).
Four type B samples analyzed produced much different hysteresis loops. Magnetic
parameters collected during hysteresis for type B samples differed from type A samples in
having much larger coercivity and Hsat. Two of these samples, 10pw12-5b and 10pw25-6,
have hysteresis loops that are particularly noisy (Figure 5-11). Since these samples had
among the lowest NRM intensities of type B samples, it is likely that noise in remanence and
hysteresis is due to low volumes of magnetic material. In contrast, samples 10pw18-1b and
10pw31-5 displayed higher saturation remanence and have classic ‘wasp-waisted’ shapes
(Figure 5-12). Wasp-waisted shapes are an indication that the rock samples contain two
minerals with contrasting coercivities (Tauxe et al., 1996). One is probably hematite that has
high coercivity and Hsat (> 15 KOe) (Dunlop and Ozdemir, 1997). The other is likely a lowcoercivity mineral such as magnetite due to the steep initial slope of the descending loop
(Tauxe et al., 1996).
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5.4 Discussion
In every site collected from the NCF section there is strong evidence for first-removed
components with steep inclinations and northerly declinations (Figure 5-4). Since these
normal polarity components cluster very well when displayed with geographic directions
(Figure 5-4a); it is most likely that they were acquired well after deposition and tilting of
strata in the NCF. Due to the large amplitude of decreased NRM intensity and the low
unblocking temperature and fields of these components during demagnetization, it seems
likely that viscous remanent magnetization (VRM) overprints developed over longer, more
recent time scales (Moreau et al., 2005). The overprints are carried by low-coercivity or lowunblocking temperature magnetic materials (Table 5-1). Butler et al. (1987) reported some
components of NRM being carried by titanomagnetite that unblocked by temperatures <
300°C in specimens from the Fort Union Formation in the northern Bighorn Basin. However,
titanomagnetite in clastic sediments is usually detrital in origin (Verosub, 1977), which
doesn’t agree with the inference that magnetic overprint occurred post-tilting.
Alternatively, it was noted by Clyde et al. (1994) that sediments in the Willwood Formation
contained an overprint from geothite that formed due to surface weathering of iron-rich
minerals. Geothite has a Curie temperature of 120°C (Ozdemir and Dunlop, 1996), which is
lower than typically observed in the first-removed components (Table 5-1). Likely overprint
scenarios include the diagenetic alteration of detrital magnetite or authigenic hematite in
NCF sediments. Regardless, the interpretation that this first-removed component was
acquired after tilting seems secure due to similarity of its directions in geographic
coordinates with modern dipole fields (Figures 5-4b, 5-7b) (Hagstrum and Champion, 2002).
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All specimens in site 10pw2 had upward NRM vectors; demagnetization yielded a simple
path to the origin (Table 5-1; Figure 5-3). Low susceptibility and strong remanence, along
with linear decay in all specimens suggests that the remanence at this site is not detrital in
origin. These characteristics are consistent with other studies that identified strong IRM
acquired in rocks containing low concentrations of magnetic material, thereby yielding
erroneous remanence directions (Tauxe et al., 2003). Verrier and Rochette (2002) reported
abnormally strong remanence intensities that rapidly decay under AF demagnetization for
material that experience lightning induced remanent magnetization (LIRM). A majority of
the specimens from site 10pw-2 had very shallow upward directions (Table 5-1), which is
also suggested to be a characteristic of LIRM (Verrier and Rochette, 2002). Thus lightning
currents remagnetized at least one site in the NCF section, and is consistent with the
hypothesis that less pronounced lightning overprints may contribute to some of the scatter
observed within sites (Tauxe et al., 2003) and between different NCF site mean directions
(Table 5-2).
Interpretations for magnetic polarity stratigraphy are chiefly dependent on directions
preserved in detrital remanent magnetization (DRM) components, or the iron-bearing
minerals that locked in the ambient magnetic field during or shortly after they were
deposited (Verosub, 1977). This DRM is typically revealed by unblocking temperatures or
applied field spectra that are unique to different magnetic minerals found in sedimentary
systems. In the Bighorn Basin of northern Wyoming, numerous magnetostratigraphic
investigations have analyzed the two geologic formations considered correlative to proximal
strata of the NCF section. For the Paleocene Fort Union Formation, several studies have
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shown detrital magnetite to be the dominant carrier of remanent magnetization (Butler et
al., 1987; Clyde et al., 2007; Secord et al., 2006). In contrast, demagnetization studies of the
early Eocene Willwood Formation indicate the main magnetic minerals preserving
remanence are authigenic phases of hematite, or maghemite (Butler et al., 1981; Clyde et
al., 2007; Tauxe et al., 1994). Second-removed components of NCF specimens isolated
between 250 and 500°C or 20 and 50mT have stabilities consistent with magnetite-bearing
material (Dunlop and Ozdemir, 1997; Butler et al., 1987). However, unblocking
temperatures and fields varied between adjacent sites and within a single site (Table 5-1);
some components weren’t fully resolved until 685°C or applied fields around 180mT (Table
5-1; Figure 5-2), which is also consistent with previous work that found hematite preserving
detrital remanence (Tauxe et al., 1994; Clyde et al., 2007). The evidence cited above
suggests that proximal sediments in the NCF section contain both magnetite and hematite
as magnetic minerals carrying remanence. Wasp-waisted hysteresis loops also support the
inference of two minerals with different coercivities being present (Figure 5-12).
Specimens in the type B demagnetization group displayed the broadest spectrum of
magnetization in the second-removed components (Table 5-1). Considering that the
remanence in many samples wasn’t fully unblocked until temperatures at or above 680°C
(Table 5-1) suggests that the chief carrier of magnetization is likely hematite (Dunlop and
Ozdemir, 1997). Results from hysteresis experiments corroborate the inference of a highcoercivity mineral being present in beta sites, since each analyzed sample showed
saturation fields that were 15 kOe or higher (Figures 5-11, 5-12). As previously mentioned,
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hematite is a carrier of magnetic remanence in Paleogene sediments of the Bighorn Basin
(Clyde et al., 2007).
An important distinction to make when determining polarity is whether the secondremoved component is a characteristic DRM, or if the component is a post-depositional (or
post-tilting) product of weathering and is a magnetic overprint. It seems reasonable to
associate hematite with depositional processes during Willwood time (early Eocene), since
Willwood floodplains were well oxidized and produced cyclic horizons of bright-red banded
paleosols (Aziz et al., 2008; Kraus and Gwinn, 1997). Lithostratigraphic correlations between
the Willwood Formation and proximal sediments in the NCF are very poorly constrained
(Dutcher et al., 1986), even though NCF strata are mapped as Willwood (DeCelles et al.,
1991b; Love and Christiansen, 1985). The presence of hematite could suggest that the posttilting remagnetization occurred during Willwood time, and therefore NCF strata are older
than early Eocene. However, classic Willwood deposits have undergone similar deformation
as NCF strata (Lillegraven, 2009) and since hematite is a common weathering product
(Pettijohn et al., 1987) it is more likely that the overprint occurred post Eocene.
Most beta sites are located at the bottom of the NCF section and have internally high
α95 angles (Table 5-2). This suggests a high scattering of remanence directions within
individual site specimens may be due to different episodes of iron-oxide precipitation. Clyde
et al. (1994) reported goethite on weathered surfaces from the alteration of other ironoxide minerals present in Willwood sediments, which were mostly hematite phases. In
addition, beta site-mean directions are closer to the expected PADF direction in geographic
coordinates than with the expected Eocene direction in stratigraphic coordinates (Figure 5117

7). Considering these new lines of paleomagnetic evidence, the simplest interpretation is
that the magnetic overprint carried by hematite in beta sites probably occurred post-tilting
and post-Willwood, during normal polarity events of the late Cenozoic. This hypothesis
doesn’t support beta site second-removed components as characteristic DRM and therefore
those sites provide little confidence when assigning stratigraphic magnetozones (Figure 513).
Type A demagnetization behavior was observed in 10 sites (Table 5-2; Figure 5-5).
Hysteresis experiments on alpha site samples found only low coercivity and saturating
fields, consistent with magnetite being the main carrier of remanent magnetization (Figure
5-9) (Dunlop and Ozdemir, 1997). Detrital magnetite is a common trace mineral in
sedimentary systems, and is often the key recorder of depositional remanent magnetization
(Verosub, 1977). During demagnetization of type A samples the second-removed
component was resolved below 500°C (Table 5-1), which is lower than the Curie
temperature (580°C) for magnetite (Dunlop and Ozdemir, 1997). The lower unblocking
temperatures may be due to remanence being carried by titanomagnetite. Evidence is
available for the presence of both detrital magnetite and titanomagnetite in Bighorn Basin
Paleogene sediments (Clyde et al., 2007; Butler et al., 1987, respectively). Accordingly, the
above information supports the interpretation that magnetite-bearing sediments in alpha
sites locked in a well-defined component with reverse magnetization around the time they
were deposited. It can also be suggested that the fine grain sizes typifying sediments in
alpha sites were derived from depositional facies that more reliably record ambient
magnetic fields and are generally less susceptible to remagnetization.
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Alpha sites exhibit similar clustering in both geographic and stratigraphic coordinates
(Figure 5-5). The corrected grand-alpha site mean direction (162.5/-75; α95=10.1) is within
error of the expected antipodal direction for the early Eocene Bighorn Basin (169/-63;
α95=2.6) based on the reference pole of Diehl et al. (1983). The consistency between alpha
site directions and the expected direction (Diehl et al., 1983) offers the hypothesis that
alpha sites were magnetized before tilting (Figure 5-5b). The directional differences could
be attributed to the LIRM or VRM overprints (Tauxe et al., 2003; Moreau et al., 2005; this
study), or due to DRM inclination errors that arises when a particle has prolonged settling
after deposition (Verosub, 1977). Both could serve as possible explanations for the small
discrepancy between the reference direction and those provided by alpha sites.
In summary, alpha sites stand above the rest as faithful records of a reversed
geomagnetic field direction during or shortly after NCF strata were deposited sometime
around the late Paleocene or early Eocene (Dutcher et al., 1986). Beta sites provided
erroneous directions in stratigraphic coordinates, and show strong evidence of normal
polarity overprinting sometime during the later Tertiary. The clustering of beta sites in
lower NCF strata are shown in the shaded region on Figure 5-13; post-depositional
precipitation of iron-oxide must be greatest in those beds. Type C site directions could be
spurious, but their polarity information was used if the angle between site means and the
expected directions was less than 45° (Table 5-2), to demonstrate the overall trend in the
magnetostratigraphic column (Figure 5-13). Figure 5-13 shows polarity assignments relative
to each site’s stratigraphic position in the NCF section. The length of horizontal bars on the
histogram is dependent on the angles calculated from the expected Eocene directions
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(Figure 5-7) (Diehl et al., 1983), where longer bars mean closer to the expected directions
(Figure 5-13).
Alpha sites are located in upper NCF strata, between the 238 and 592 meter intervals,
and two other type C sites have corrected directions close to the expected Eocene antipole
within the same upper interval (Table 5-2; Figures 5-7, 5-13). There is no evidence above or
below this stratigraphic interval to suggest pre-tilting magnetization in a normal field
direction (Figure 5-7). The concentration of alpha sites in upper strata could suggest that
the process driving remagnetization via hematite diagenesis was more prevalent in the
lower strata. However, the upper intervals of reversely magnetized strata in the NCF are
lacking an absolute-age marker bed to facilitate precise correlation to the geomagnetic
polarity times scale (GPTS). Fortunately, there is a wealth of late Paleocene to early Eocene
paleontological information in the Bighorn Basin to aid with correlation NCF strata to the
GPTS.
The northern Bighorn Basin, and more specifically the Clark’s Fork sub-basin, is the type
area for the transitional Paleocene-Eocene Clarkforkian Land Mammal Age. Clarkforkian-age
paleofloral (Flueckinger, 1970; Hickey, 1980), vertebrate (Gingerich et al., 1980) and
palynomorph (Harrington, 2001) fossils have been found in numerous localities of
Beartooth synorogenic sediments, including several sequences considered partly equivalent
to strata in the NCF (Dutcher et al., 1986). Thus correlations for a regional biochronological
zonation map have grouped most Beartooth proximal strata as Clarkforkian (Gingerich,
1983).
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The Clarkforkian Land Mammal Age spans from 56.8 to 55.4 Ma, or the very last part of
the Paleocene epoch (Lofgren et al., 2004; Secord, 2008). During this 1.2 Ma window there
are only two polarity zones, Chron 25 normal (C25n) and Chron 24 reverse (C24r)(Cande
and Kent, 1995). Only NCF alpha sites provided robust polarity information from pre-tilting
detrital remanent magnetization with upward directions (Figure 5-13); the deposition of
alpha sites most likely occurred sometime during the C24r interval. The temporal range of
C24r runs from 55.98 to 53.26 Ma (Cande and Kent, 1995), thus the breadth of the
Clarkforkian interval within C24r is 580,000 years, from 55.98 to 55.4 Ma. This is a rather
small window to associate with the magnetic polarity data from the NCF stratigraphic
section, and it would pinpoint the time of deposition very nicely in the latest Paleocene.
However, I cannot preclude that the stratigraphic correlations of Dutcher et al. (1986) I use
are wholly accurate, since no guide fossils have been recovered from NCF strata.
Nonetheless, I do believe that NCF alpha sites are representative of depositional sequences
from a reversed polarity interval that most likely falls in C24r. Belonging to the larger age
range of C24r, 2.76 Myr, during the latest Paleocene-early Eocene could make Beartooth
proximal strata correlative with deposits of the Willwood Formation (Aziz et al., 2008;
Neasham and Vondra, 1972). With my interpretations further substantiated, the detailed
magnetostratigraphic framework across distal Fort Union and Willwood strata in the
Bighorn Basin (Clyde et al., 2007) can be used to correlate Beartooth range-front strata.
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Figure 5-2: Orthogonal-vector demagnetization diagrams showing different types of specimen
behavior observed in NCF samples. Representative diagrams of a.) Type A specimens; b.) Type B
specimens; c.) Type C specimens; d.) Type D specimens. Numbers adjacent to vector end points
indicated peak temperatures (°C); red are in the vertical plane, blue are in the horizontal plane.
Specimens are shown in geographic coordinates. NRM – natural remanent magnetization.
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Figure 5-4: Equal-area projections of mean directions for first-removed magnetization components
for all sites from the NCF section in a.) geographic coordinates, and b.) stratigraphic coordinates.
Overall mean directions and statistics are listed to the right of each associated equal-area plot.
Closed (black) symbols indicate they are located on the lower hemisphere.
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Figure 5-5: Equal-area projections of mean directions of second-removed components from alpha
sites from the NCF section in a.) geographic coordinates, and b.) stratigraphic coordinates. Red-filled
circle is the 95% confidence interval enclosed within the associated antipodal early Eocene
reference direction (349/63; α95=2.6) (Diehl et al., 1983). Grand-alpha site mean directions and
statistics are listed to the right of each associated equal-area plot. Open symbols are located on the
upper hemisphere. Individual site directions and statistics are listed in Table 5-2.
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Figure 5-6: Equal-area projections of mean directions of second-removed components from beta
sites from the NCF section in a.) geographic coordinates, and b.) stratigraphic coordinates. Red-filled
circle is the 95% confidence interval enclosed within the associated the early Eocene reference
direction (349/63; α95=2.6) (Diehl et al., 1983). Grand-beta site mean directions and statistics are
listed to the right of each associated equal-area plot. Closed symbols are located on the lower
hemisphere. Individual site directions and statistics are listed in Table 5-2.
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Figure 5-13: Magnetic polarity assignments for all sites from different stratigraphic intervals of the
North Clark’s Fork fan (NCF). Relative lengths of horizontal histogram bars represent the angle
difference between site mean directions and expected early Eocene directions (Diehl et al., 1983), in
stratigraphic coordinates; reverse polarities with bold outline are within 45° of expected direction
(C=type C sites); normal polarities with black fill are closer to Eocene direction than PADF direction.
Upper outlined box shows concentration of alpha sites; lower gray box shows beta sites. For the
lithology, stratigraphic interval, and GPS location of each site see Appendix B. M-mud; St-silt; S-sand;
G-gravel.
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CHAPTER 6: CONCLUSION
Early Tertiary deposition in the western Bighorn Basin was strongly dependent upon
several episodes of Laramide tectonism in the Beartooth Range that extended from the
middle Paleocene into Eocene time (Kraus and Wells, 1997; Wise, 2000). There is strong
evidence for two or more periods of Beartooth block tectonism (Wise, 2000; Omar et al.,
1994). A series of complex tectonic and depositional interactions associated with Beartooth
synorogenic strata have obscured any lithostratigraphic characteristics commonly used to
distinguish deposits of the upper Paleocene Fort Union Formation from those of the
uppermost Paleocene-lower Eocene Willwood Formation. Inconsistent mapping and
formational assignments given to synorogenic sediments (Figures 1-3, 1-6) give mixed
interpretations for range-front deposition, suggesting sedimentation was confined to the
late Paleocene or did not begin until the early Eocene. My research aims to determine if
range-front deposition occurred primarily during the late Paleocene, the early Eocene, or
both. Multidisciplinary data from this study suggest packages of Beartooth range-front
strata were deposited during both the late Paleocene and in the early Eocene separated by
an unconformity.
Proximal strata show at least two periods of deposition resulting from episodic uplift of
the Beartooth block (Figures 3-4, 3-5, 3-6, 3-7). Sandstone modes exhibit unroofing
compositions; early deposited material was sourced by erosion of Mesozoic and Paleozoic
sedimentary rocks giving way to Precambrian basement sources in upper synorogenic
strata. Petrographic data from this study support previous work that suggested the
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uppermost deposits were produced by renewed Beartooth uplift (DeCelles et al., 1991a;
Dutcher et al., 1986) rather than thrust klippen or west-vergent thrust faults that would put
older strata on top of younger units (Pierce, 1965; Lillegraven, 2009). Two modal
compositions analyzed from strata mapped as ‘klippe’ (Pierce, 1965) are more consistent
with the hypothesis that those features are fault-block landslide deposits (Stewart et al.,
2008).
Ten out of forty-six paleomagnetic sites from strata in the North Clarks Fork Fan (NCF)
have reverse polarity mean directions compatible with the antipodal early Eocene reference
direction (Diehl et al., 1983). Clarkforkian (latest Paleocene) fossil specimens have been
recovered from Bennett Creek Fan and Line Creek Fan sediments (Dutcher et al., 1986;
Gingerich et al., 1980) (Figure 6-1); correlations between these areas and the NCF imply the
strata in these sites were deposited during the Chron-24 reverse (C24r) magnetozone. Using
stratigraphic correlations of Dutcher et al. (1986), sections within the South Clarks Fork Fan,
Bennett Creek Fan, and Line Creek Fan can also be correlated to the C24r polarity zone
(Figure 6-1).
Clarkforkian age paleofloral specimens have been recovered from the Gold Creek Fan
(GCF) north of the NCF (Hickey, 1980)(Figure 6-1); however, Hickey (1980) left open the
possibility that specimens from the GCF could be early Eocene, since no forms characteristic
of the late Paleocene were recovered. Assuming that reverse polarity sites of the NCF
record the C24r magnetozone and sediments in the GCF are relatively younger (Dutcher et
al., 1986)(Figure 6-1), upper GCF strata are most likely lower Eocene deposits. Additional
support for upper GCF strata being younger than synorogenic sediments to the south comes
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from the undeformed nature of sub-horizontal sandstones and conglomerates dominated
by crystalline fragments from Precambrian sources (Dutcher et al., 1986; this study).
Similar relationships between age and composition can be applied for northern strata,
between the Gold Creek Fan and Sheep Mountain Fan (Figure 2-2). The lower strata were
probably deposited during Fort Union time in the latest Paleocene; my data are consistent
with this inference originally put forth by Jobling (1974) in his informal designation of these
units as the ‘proximal facies of the Fort Union Formation’. Upper strata in the Red Lodge
Fan and Sheep Mountain Fan, along the northern front of the Beartooth Range (Figure 2-2),
also have sand compositions rich with Precambrian crystalline fragments in sub-horizontal
strata. Bedding and lithologic characteristics suggest that upper synorogenic units along the
northern front are early Eocene, and probably equivalent to the lower Willwood or Wasatch
formations. Early Eocene ages are consistent with the interpretation of Raines and Johnson
(1995) that upper Sheep Mountain Fan deposits are equivalent to the Wasatch Formation.
Data from this study suggest that Beartooth synorogenic sediments accumulated during
both Fort Union and Willwood depositional regimes. Sandstones collected from sequences
between the South Clarks Fork Fan and the Line Creek Fan, along the eastern front of the
Beartooth Range (Figure 2-1), exhibit subtle changes in provenance upsection (Dutcher et
al., 1986; this study). Coupled Clarkforkian (Gingerich et al., 1980) and C24r (this study) age
controls suggest that most NCF strata are Fort Union equivalent, since the Fort UnionWillwood boundary lies at the top of the Clarkforkian interval in the northern Bighorn Basin
(Figure 6-1)( Secord et al., 2006). Some upper strata on the eastern front probably are
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Willwood equivalent, as suggested by sandstone modes (Figure 3-3) and the stratigraphic
correlations of Dutcher et al. (1986) (Figure 6-1).
Most of my interpretations of stable carbon and oxygen isotope data from the North
Clarks Fork Fan are based on the isotopic compositions from calcium-carbonate cement
subsamples. The majority of the isotope values give strong evidence for isotopic
overprinting by highly-positive marine carbonate compositions during early or late
diagenesis (Figure 4-4). Cement isotope compositions may have formed by dissolution of
marine carbonate source rocks and precipitation following deposition, or from the mixing of
isotopes from pore waters and former carbonate phases during late diagenesis.
A few cement isotope compositions (19%) have strongly negative values (Figure 4-4),
with moderately strong δ18O and δ13C covariance. My preferred interpretation is that the
most negative isotope values reflect a greater proportion of high-elevation, isotopicallydepleted, meteoric waters that precipitated cements following fluvial transport, as
suggested by Hays and Grossman (1991), Dettman and Lohmann (2000) and Fan et al.
(2011). With this interpretation, the most depleted δ18O data indicate there were at least
1.6 ± 0.6 kilometers of relief between the rising Beartooth block and the early Eocene
Bighorn Basin. This amount of relief is consistent with the amount of relief calculated for
the early Eocene Wind River Basin using oxygen isotopes (Fan et al., 2011) but is lower than
the amount of relief based on other data constraining Beartooth uplift (≤ 4km; DeCelles et
al., 1991a; Omar et al., 1994). My estimate of lower relief is consistent with the inference
that lower NCF strata accumulated during early stages of synorogenic deposition (Dutcher
et al., 1986; this study).
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The most negative isotopic values of my study came from lower strata in the NCF
(Figures 4-2 and 4-3); this lower section of the NCF also has the greatest concentration of
paleomagnetic sites that have strong magnetic overprints (Figure 5-13). The beds that
produced most negative isotope values also hosted a paleomagnetic site (10pw8) that has a
mean direction close to the early Eocene antipodal direction of Diehl et al. (1983)(Table 5-2;
Figures 4-3; 5-7; 5-13). These results may indicate that strata within the 128-136 meter
intervals (Table 4-1; Appendix B) did not undergo as much late-generation cementation,
with calcium carbonate and iron oxide, as adjacent beds in the lower NCF section. The
petrographic thin section (NCF-6) from sediment in this interval also showed the best
evidence for the preservation of early diagenetic calcium-carbonate cement, with little sign
of iron-oxide precipitation (Table 2-1; Figure 4-5a). These characteristics provide a possible
explanation for the isolated occurrence of the most negative isotope values, but do not
justify the opposite trends in different stratigraphic data. The matrix-rich unsorted
conglomerate beds that bound this interval may have inhibited pore-fluid interactions
during burial. More detailed sampling and analyses on this section of the NCF are needed to
resolve the meaning of these values.
Conclusions from this study provide a better connection between proximal and distal
strata in the northern Bighorn Basin and give an improved chronological context for
synorogenic sedimentation along the Beartooth Range front. The findings of this research
add to the growing body of evidence documenting the evolution of Laramide basins through
changes in paleotopography and sediment supply in the northern Cordillera during the early
Tertiary (Carroll et al., 2006; DeCelles, 2004).
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